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FOREWORD 


High-speed V/STOL aircraft operating from widely dispersed platforms have 
become of increasing interest to the U.S. Navy. Implementation of this dis- 
persed force concept requires a well developed high-performance V/STOL aircraft 
technology base so that the production of such aircraft can proceed with a 
minimum of technical and financial risk. 

There are a number of phenomena and problems unique to high-speed V/STOL 
aircraft which do not occur on conventional aircraft or on low-speed V/STOL 
aircraft and therefore require special attention and understanding. Jet- 
incuded phenomena (jet-induced lift and control effects, hot-gas footprint 
and reingestion characteristics etc.) can have a decisive influence on the 
performance of lift-plus-lift/ cruise engine powered aircraft. Equally 
important are the flow phenomena that occur on aircraft using the lift fan 
or ejector concept. The proper design of these aircraft must account for 
the interdependence of the aerodynamic and propulsion phenomena. Unfortunate- 
ly, the flows involved are so complex as to preclude their purely theoretical 
prediction at this time. Realistic flow simulation in model tests, on the 
other hand, is hampered by the present uncertainty about the proper scaling 
laws and by the strong dependence on a variety of parameters requiring 
testing of many different configurations in order to find an optimal design. 
Therefore, better predictive techniques are clearly needed in order to reduce 
these testing requirements and to guide the planning of experimental programs. 

In recognition of the need to review the current state-of-the-art in 
this field and to stimulate research on prediction methods for propulsive 
flows and propulsion/aerodynamic interference effects on Jet-V/STOL aircraft 
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the Naval Air Systems Command conducted a "Workshop on Prediction Methods 
for Jet-V/STOL Propulsion Aerod3mamics". It was quite gratifying to see 
the excellent response to the call-for-contributlons and the participa- 
tion during the meeting which was much greater than anticipated. The 
following pages contain the formal papers presented during the Workshop 
which are made available to serve as a source of reference and stimulus 
for further work in this field. 


H. J. MUELLER 
Research Administrator 
Naval Air Systems Command 
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"v/sm CONCEPT SENSITIVITY STUDY" 
D. F. Sattler 
LTV AEROSPACE CORPORATION 


ABSTRACT 


The study objective was to provide a definitive basis for long range V/STOL 
related R&D planning within the Navy. Six varied VTOL aircraft concepts 
served as the basis for conducting sensitivity studies of twenty-three aero- 
propulsion interface technology topics. The end item of the study was a 
ranking of the technology topic sensitivity results in terms of incremental 
takeoff gross v/eight, which permits selecting and justifying future R&D 
tasks. 
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V/STOL CONCEPT SENSITIVITY STUDY 


I. INTRODUCTION 

Prior to considering the various facets of Jet V/STOL Propulsion Aerodynamics 
Prediction Methodology, it is of interest to examine the impact of these 
phenomena on aircraft design, Vought Systems Division of LTV Aerospace 
Corporation has conducted a "V/STOL Concent Sensitivity Study" under contract 
to the Naval Air Development Center to investigate the impact of technology 
uncertainties on aircraft takeoff gross weight (TOGW). The objective of the 
study was to provide a definitive basis for long-range V/STOL related R&D 
planning within the Navy by identifying high impact technology topics. 

To fulfill the study objective, four tasks were completed. First, six V/STOL 
design concepts were sized to common mission rules. Next, each of twenty- 
three technology topics was translated into a physical variable and estimates 
of these variables v/ere determined. Thirdly, the sensitivity of the topics 
in terms of incremental takeoff gross weight was evaluated. The results were 
then ranked as a basis for establishing R&D priorities. The purpose of this 
paoer is to describe the aircraft and propulsion concepts, discuss the 
technology topics, show the imoact of technology uncertainties, and summarize 
the conclusions of the study. 

II. MISSION DEFINITION AND PROPULSION CONCEPTS 

Highlights of the ground rules used to size the baseline aircraft are 
presented in Figure 1 . The propulsion system, weight, and aerodynamic 
technology levels reflect an IOC of 1983 . 

The design missions are shown in Figure 2 . The Deck Launched Intercept (DLI) 
and Subsonic Surface Surveillance (SSS) missions are treated with equal 
imoortance. The DLI mission calls for a vertical takeoff (VTO), supersonic 
dash to target, combat at the target, and a best cruise altitude and velocity 
(BCAV) return to base. The SSS mission defines BCAV outbound and return 
segments with a loiter and combat period while on station. External fuel and 
a short takeoff (STO) capability are permitted for the SSS mission. Specific 
levels of the following performance constraints are also demanded: 

0 Specific Excess Power (SEP) 

0 Maximum Mach Number 

0 Acceleration Time 

0 Load Factor 

0 Ceiling 

0 Vertical T/W Ratio 
0 STO Distance 



PROPULSION SYSTEMS 


Six diverse propulsion systems provide generality and assure that study 
results are broadly applicable. The propulsion systems (Figure 3) range 
from a low disk loading (X-wing) concept to a Multi Bypass Ratio (MBPR) 
propulsion system powered aircraft, other designs are a lift plus lift/ 
cruise, deflected thrust, vectored thrust (AV-8A type) and thrust augmented 
wing (XFV-12A type). Six aircraft were configured to incorporate these 
propulsion systems as follows: 

Lift Plus Lift/Cruise (Figure 4) 

The lift plus lift/cruise aircraft is a modified delta canard arrangement 
utilizing two lift jets and a vectored lift/cruise engine equipped with a 
ventral nozzle for VTOL operation. Lift engine bleed air is used for control 
in hover. 

X-V!inq (Figure 5) 

The X-wing design is a high risk approach utilizing an"X" wing planform as 
a rotor for VTOil and stopped for conventional flight. Cyclic pitch is used 
for pitch and roll control in hover with yaw provided by a thrust vectoring 
device. Residual engine thrust is used in hover to counter the "rotor" 
torque. 

Deflected Thrust (Figure 6) 

This concept incorporates a separate flow engine with a remote turbine. 

Thrust vectoring is achieved by turning the secondary fan air by a flap 
system while primary air is turned by the Coanda effect. Burning of the 
secondary air in hover is required to minimize aircraft size. A JP-LOX 
system is used for hover control. 

Vectored Thrust (Figure 7) 

The vectored thrust aircraft is a modified delta canard arrangement equipped 
with a Pegasus type engine with vectorable nozzles and burning in hover. 
Control in hover is achieved by engine bleed air. 

TAW (Figure 8) 


The thrust augmented wing (TAW) design utilizes the hypermizing nozzle 
nrinciple developed at ARL. Experimental data shows that ejector augmentation 
ratios of 2.0 can be achieved. Considering installation effects, a propulsion 
system augmentation ratio of 1.71 is projected for the concept. Differential 
thrust is used for control in hover. 
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CFF (Fiqure 9) 

The cross flow fan (CFF) aircraft features a multi bypass ratio propulsion 
system. The cross flow fan serves as a thrust augmentor in hover and 
provides an efficient bypass ratio for subsonic cruise. For supersonic 
flight the cross flow fans are shut down and the turbojets are utilized. 

III. TECHNOLOGY TOPICS 

The second task was to quantify twenty-three aero-oropulsion interface 
technology topics. The tonics are divided into seven major groupings 
dealing with: 

Inlet Performance 

Flying Qualities 

Design Thrust to Weight 

Propulsion Induced Effects 

Temperature 

Noi se 

Aerodynamic Effects 

For each of the six aircraft concepts nominal, optimistic, and pessimistic 
levels of the twenty-three technology tonics were identified. The nominal 
level was used in sizing the baseline aircraft. The optimistic and 
nessimistic levels identify the technology uncertainity limits which reflect 
confidence in the estimation process and sugnest the need for P&D. An 
example of the quantification nrocedure is illustrated in Figure 10. The 
nominal value of oressure recovery is 0.96, whereas the optimistic level is 
0.99 and the nessimistic level is 0.93. For several of the topics the 
optimistic level, which potentially results in a TOGW reduction, was taken 
at the approximate physical limit. An example of a physical limit is 
considering the skin friction drag associated with laminar flow instead of 
turbulent flow. The pessimistic level potentially results in a TOGW penalty 
and is representative of the risk involved if a technology topic level does 
not materialize. In the following naragranhs the twenty-three technology 
topics are briefly reviewed to: 

0 Identify the associated aircraft design problem 

0 Quantify the optimistic, nominal and pessimistic technology levels 

0 Show the factor affecting TOGW 
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The lift plus lift/cruise aircraft, where possible, is used to illustrate 
the quantification process. 


INLET PERFORMANCE 

Four topics addressing inlet performance effects, as shown in Figure 11, are: 
0 Inlet Pressure Recovery - Hover 
0 Hot Gas Ingestion 
0 Inlet Temperature Distortion 
0 Inlet Pressure Distortion 

All four topics impact on TOGW by affecting installed thrust. 

Inlet pressure recovery-hover, which is the ratio of total pressure at the 
engine face (P-r ) to the ambient total pressure (Py ), has lift engine 
•2 *0 
quantification levels of 1.00, 0.99, 0.96 for the optimistic, nominal, and 
pessimistic levels respectively. Recovery level is a critical item 
considering that a 1% change in pressure recovery affects lift engine thrust 
by about 2.5%. 

Hot gas ingestion, which is treated as a uniform inlet temperature rise, 
considers both near field and far field recirculation. For the lift plus 
lift/cruise aircraft the near field effects are the more critical consi- 
deration. The optimistic, nominal, and pessimistic levels of hot gas 
ingestion are 0°, 12°, and 20°F respectively. Temperature rise affects 
installed thrust by approximately 1% per 3°F temperature change. 

Inlet temperature and pressure distortion are non-uniform variations that 
may ultimately result in surge and/or compressor stall. Temperature and 
pressure distortion levels of 10% deviation from the nominal, result in 
2.5% and 1.6% change in thrust levels respectively. 

FLYING QUALITIES 


The three topics addressing flying qualities effects, presented in Figure 12, 
are: 

0 Control Power Level 
0 Buoyant Pitching Moment 
0 Induced Trim Change 
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The optimistic, nominal, and pessimistic control power levels were determined 
by examining the capability of successful VTOL aircraft and using MIL-83300 
as a guide. The levels also agree well with AOARD 577. Aircraft size is 
affected by engine bleed and/or differential thrust levels for propulsion 
systems which are integrated into the attitude control system. 

Buoyant pitching moment deals with the induced flow field in ground effect 
hover and the resultant moments on the aircraft. The effect diminishes at 
higher levels of h/b, see Figure 12, from reference 1. 

Induced trim change due to power considers the transition problem and the 
influence of thrust balance and the induced flow field over the control 
surfaces. The influence on the control power requirements is the driving 
consideration. 


DESIGN THRUST TO WEIGHT 


Installed thrust to weight ratio topics (Figure 13) are: 

0 T/W Margin-Installed 
0 T/W Margin - STO/VL 
0 Engine-Out Thrust Asymmetry 

Thrust to weight margin - installed is varied between 1.0 and 1.3 in ground 
effect (I6E). This variation in the topic is used to assess the imoact of 
installed T/W on TOGW. A high value of installed T/W may be required for 
growth potential, oneration in more severe atmospheric conditions than 
design, or to account for more severe values of other technology topics such 
as suckdown or hot gas ingestion. 

Thrust to weight margin-STO/VL addresses the impact of eliminating the VTO 
requirement and replacing it with a STO requirement. Thrust to weight ratio 
is varied between 0.75 and 1.00. It is interesting to note that for 
vertical landing, a 0.75 T/W corresponds to a rate of sink of 25 fps from 
40 feet with no forward sneed. 

Engine-out thrust asymmetry examines the effect of designing for an engine 
failure. The three multiple engine concepts are evaluated by varying 
engine size to achieve a t/W = 1.0 with the critical engine failed. 

P ROPULSION INDUCED EFFECTS 

Topics addressing the propulsion induced effects as presented in Figure 14 
are: 


0 Suckdown 
0 Lift Augmentation 
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0 Downwash Velocity 

Suckdown is the force associated with the entrainment of air by a jet 
causing reduced pressure on the lower fuselage and/or wing surfaces resulting 
in a net downward force or suckdown. Suckdown forces can be reduced or 
cancelled by a strong fountain which is formed by the meeting of two . more 
wall jets. As shown in the Figure 14, from reference 2, at a height to span 
ratio (h/b) of 0.2, the suckdown force can varv by 10% deoending on config- 
uration and fountain strength. A note of caution for a concept utilizing a 
hot jet - the stronger the fountain, the more attention hot gas ingestion has 
to be given. 

Lift augmentation, or augmentation ratio, is critical to the TAW and OFF 
aircraft because of installed thrust requirements. The TAW aircraft 
utilizes an ejector augmentation ratio of 2.0, which ARL test data, reference 
3, shows can be achieved. Due to installation effects, e.g. duct losses and 
three-dimensional effects, the nominal propulsion system augmentation ratio 
is 1.71 with the optimisitc and pessimistic levels being 1.85 and 1.50 
resnectively. 

Downwash velocity is affected to a small extent by varying bypass ratio, but 
a variation between the six baseline aircraft yields the best overall 
sensitivity. If low downwash is a driving consideration, the X-wing aircraft 
offers this potential. 


THERMAL EWIROriMEriT 

Thermal environment investigates the structural heating nroblems associated 
with VTOL aircraft. Figure 15 shows the structural heating problem in the 
area of the lift engines as well as the heating due to the fountain between 
the lift and lift/cruise enaines. Aircraft THGW sensitivity is achieved by 
varyina structural temperature by +200'^F from the nominal of OOOOp and 
assessing the structural weight imnact. 


N OISE E FFECTS 

The tonics addressing the imoact of noise, shown in Figure 16, are: 

0 Acoustic (Structural) Environment 
0 Audible Sound 

Audible sound may be a critical item based on detection, cockpit, or ground 
crew noise consideration. Rynass ratio yields a small variation, whereas 
a comparison between concents gives the best overall sensitivity. The 
X-wing designs offers the notential of the lowest noise level of the six 
concents. Acoustic (structural) environment examines the influence of noise 
on aircraft TOGW. Noise level is varied by + 6dB from the nominal of 186 dB 
to assess the impact of noise on structural weight. 
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AERODYNAMIC EFFECTS 


The topics affecting the aerodynamics of the aircraft, Figure 17, are: 

0 Equivalent Skin Friction Drag Coefficient - Cfg 

0 Drag Rise Coefficient Based on Frontal Area - ACg^ 

0 Drag Divergence Mach Number - M^p 

0 Oswald Efficiency Factor - e 

0 Buffet Onset Lift Coefficient - Ci □ 

Do 

0 Vectored Thrust Lift Augmentation - ACl^^ 

0 Buffet-Free Descent Corridor 

The first five parameters are aopli cable to CTOL aircraft as well as VTOL. 
The optimistic level of the topics was established by determining the 
approximate physical limit. For Cfg, this level corresponds to laminar flow 
over the wing, tails, and 50% of the fuselage yielding a Cfg level of 
aoproximately .0010. The physical limit of ACg (-0.10) is achievable based 
on tests of Adams low drag bodies. Drag divergince Mach number physical lim 
is assessed at 1.0 considering shockless flows. The ohysical limit of 
Oswald efficiency factor "e" is projected to be 2.0, which is considered 
achievable bv developing an efficient means of cancelling the tip vortex or 
possibly by an out-of-plane arrangement. The optimistic level of buffet 
onset at the maneuver condition is based on attaining a pressure distributio 
approaching an absolute vacuum. 

Vectored thrust augmentation and buffet-free descent corridor are unique to 
VTOL. Thrust vectoring is used to enhance maneuverability by yielding 
additional load factor capability. Buffet-free descent corridor capability 
is a primary consideration for aircraft that rely on power for induced lift 
and drag while maintaining acceptable angle of attack and descent capability 
such as for a tiltwing turboprop aircraft, but of limited value for the 
aircraft considered in the study. 

IV. TECHNOLOGY IMPACT 

Incremental TOGN is used as the criteria to measure the payoff of a technolo 
tonic. TOGl'J, while not being all inclusive, is used as the "yardstick" 
because of its readily identifiable nature and its overall appeal. 

Figure 18 shows a typical sensitivity comparison for all six designs. The 
optimistic, nominal, and pessimistic levels of inlet pressure recovery - 
hover are noted by 0, M, and P respectively. The deflected thrust and TAW 
aircraft show the highest overall sensitivity. Notice that the vectored 
thrust and CFF aircraft have certain critical performance constraints pre- 
cluding additional TOGW reductions at high levels of recovery. 
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For the lift plus lift/cruise aircraft pitch control is achieved by bleed 
from the lift engines. Figure 19 shows that if the high (pessimistic) levels 
of pitch control power are demanded, a 2200 lb TOGW penalty results. 

However, reducing the control oower level to the lower (optimistic) level 
results in only a 900 lb TOGW reduction due to the T/W = 1.10 constraint 
becomina a critical sizing consideration. 

Figure 20 indicates that increasing suckdown from the 3 % nominal value to 
10% results in a 400 lb TOGW penalty for the lift plus lift/cruise aircraft. 
Reducing suckdown to 0% reduces TOGW about 150 lb. 

The impact of reducing Cfg to the physical limit is presented in Figure 21. 
The lift plus lift/cruise aircraft shows a significant 3750 lb weight 
reduction if these levels of drag can be achieved. 

V. RANKING OF TECHNOLOGY TOPICS 

The following approaches are utilized to assure the proper selection of high 
impact technology topics for establishing R&D priorities: 

0 Potential Improvement Assessment 

0 'Potential Risk Assessment 

0 Combined Improvement and Risk Assessment bv Concept 
0 Combined Ranking Matrix 

Fiaure 22 presents the "Potential Improvement Assessment", which is the 
total of TGGW increments for the six aircraft concepts at the optimistic 
uncertainty level. The study indicates that three aerodvnamic parameters 
when taken to the physical limit offer the highest potential TOGW reduction. 
The hiqhest ranking VTOL oriented tonics is "T/W margin-installed." 

The "Potential Risk Assessment", Figure 23, is the total of TOGW increments 
for the six aircraft concepts at the pessimistic uncertainty level. The 
figure shows that the potential TOGW increase is most significant for the 
VTOL oriented tonics. Six VTOL oriented topics show sensitivity rankings 
higher than the aerodynamic parameter. Thus the potential risk of a topic 
failing to achieve nominal technology levels is highest for the VTOL oriented 
technology topics. 

The "Combined Improvement and Risk Assessment" is shown for the lift plus 
lift/cruise concept in Figure 24. This is the TOGW variation between the 
optimistic and pessimistic levels and may be thought of as the "state of the 
art" band. For the lift plus lift/cruise aircraft "Cf " is the most 
sensitive topic with "control oower level" second. Accomplishing a similar 
technology topic ranking for each concept leads to a ranking matrix in 
Figure 25. A ranking of "1" denotes that the topic has the highest 
sensitivity. Summing the rankings of the six concepts and dividing by the 
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number of concepts effected yields an average ranking. Again "Cf " is the 
most sensitive topic overall with "T/W margin-installed" second. 

VI. CONCLUSIONS 

Based on the nreceding ranking approaches, the following technology topics 
have the largest potential TOOW impact and are recommended for R&D planning 

VTOL Oriented Topics 

0 T/VJ Margin- Installed 

0 Inlet Pressure Recovery-Hover 

0 Control Power Level 

0 Lift Augmentation 

0 Suck down 

0 Hot Gas Ingestion 

Topics Applicable to both VTOL and CTOL 

0 Equivalent Skin Friction Drag Coefficient - Cf^ 

0 Drag Rise Coefficient Based on Frontal Area - ACg^ 

0 Oswald Efficiency Factor - e 
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V/STOL PROPULSION SYSTEM REQUIREMENTS 
AN ENGINE PROJECT ENGINEER'S PERSPECTIVE 


S. M. Hudson 


Detroit Diesel Allison 
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Indianapolis, Indiana 


The V/STOL aircraft problem statement presents the propulsion 
system designer unique requirements in addition to those 
found in conventional aircraft. The basic requirements of 
maximizing powered lift, providing "flyable" control and achiev- 
ing efficient cruise in the conventional mode are examined and 
translated into specific propulsion system objectives. Analyt- 
ical and experimental tools for defining these requirements are 
discussed. 
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V/STOL PROPULSION SYSTEM REQUIREMENTS 
An Engine Project Engineer's Perspective 


INTRODUCTION 

The history of V/STOL airplanes in the U.S. is characterized 
by a host of highly innovative aircraft but still we have only 
one operational system. The recurring question which we face 
is whether we in the aircraft community have generated ade- 
quate technology to drive the "cost" of the system below the 
"price" the market place can bear and in turn produce a 
"profit" in terms of total weapon system capability. The bur- 
den of generating the required technology falls largely on the 
disciplines of engine design and engine-airframe integration 
since contemporary V/STOL flight is predicated on powered lift- 
The engine project engineer therefore enjoys an interesting 
position in the pursuit for a viable V/STOL weapon system 
since he forms the interfaces between the propulsion technology 
specialist and both the military customer establishing the re- 
quirements and the aircraft designer who is "wrapping an air- 
frame around the engine". It is from this perspective as an 
interpreter of requirement and a negotiator of differences 
between the various technical disciplines that this paper is 
written. 

BASIC REQUIREMENTS 

The basic requirements of the V/STOL propulsion system seem 
trivial in respect to the amount of effort that has been ex- 
pended on detailed design and development addressing the 
specifics. However, it might be well to start with three of 
the more basic requirements and expand these into require- 
ments within the specific disciplines. These three require- 
ments are : 

0 The maximization of low speed or static lift for a given 
size of propulsion system 

0 The provision of "flyable control through inherent 
stability or active thrust management 

0 The minimization of cruise fuel consumption. 

A fourth basic requirement which applied to all the other re- 
quirements may be expressed in a single word - quantify. We 
must strive to reduce each requirement to a specific set of 
numbers. For it is only through numbers that we can communicate 
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for example from the military requirements specialist to the 
aircraft aerodynamist - to the inlet designer - to the wind 
tunnel researcher - to the fan aerodynamist - to the mechani- 
cal blade designer - to the production engineer and finally 
back to the military. 

BASICS TO SPECIFICS 

V/STOL lift maximization - the basic requirement to maximize 
low speed lift for a given size of propulsion system impacts 
the propulsion areas of turbomachinery, inlets and nozzles and 
thrust augmentors. Turbomachinery systems to date may be 
categorized as being lift-cruise engines lift engines and re- 
mote fans. The lift-cruise engines and the lift engines bene- 
fit from the tremendous and continuing investment the U.S. has 
in both military and commercial cruise engines. This lumping 
together of lift-cruise and lift engines is not meant to be- 
little the difficulty of the lift engine designer's task for 
there are significant detailed design di f f erences which require 
lift engine development investments. However, as an example 
the Allison XJ99 lift engine, shown in Figure 1, with its 20:1 
thrust- to-wei ght utilizes a relatively conventional compressor 
and turbine systems. 

The remote fans have found their source of technology support 
solely in the V/STOL applications in the past. The remote 
variable pitch fan being used in current Navy/NASA V/STOL system 
studies may be an exception to this since it is a direct adapta- 
tion of the fan configurations identified as optimum for quiet 
commercial STOL transports ( ^ ) and being developed for this pur- 
pose thru NASA support on QCSEE and related programs by two U.S. 
companies. {^&3) These very high bypass ratio fans have also 
been found attractive for missions having low fuel consumption 
requirements such as land based ASW. 

Turbomachinery requirements for V/STOL look very similar to 
those of cruise engines. V/STOL applications place extra empha- 
sis on the minimization of weight and volume. Turbine tempera- 
tures need to be high to maximize specific thrust. The ever 
present problem of system losses must be minimized in V/STOL 
propulsion in order to maximize thrust. Ducts, transitions and 
inherently inefficient components must be designed out of the 
system or justified on a total system basis. 

V/STOL nozzles have been the subject of extensive design and 
development effort. C*) The thrust deflecting hoods, swiveling 
elbows and three bearing pipes have recently been joined by the 
two dimensional vectoring nozzle. The Allison vectoring trap 
door shown in Figure 2 is typical of the "2D" approach. A more 


(^) Numbers in parenthesis refer to references at the end of 
the paper. 
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direct approach to thrust vectoring is the swiveling engine 
used on the German VJ 101. (^) The swiveling engine eliminates 
nozzle complexity and in several applications can be shown to 
be the optimum configuration. Vertical to horizontal engines 
are not new since as early as 1955 Allison was building turbine 
engines to operate both vertically and horizontally for use in 
the "tailsitter" class of aircraft. 

The criterion for nozzle selection reduces largely to a trade 
between maximization of take-off-thrust and a minimization of 
cruise drag per unit nozzle weight. It is important that noz- 
zle selections be based on system capability considering the 
mission profile and the selected engine cycle. It is interest- 
ing to note that at the low fan pressure ratios of some of the 
remote fans one percent in exhaust system loss is equivalent to 
an eight percent loss in thrust. 

Thrust augmentors means different things to different people. 

Here it applies to engine exhaust gas reheat. The augmentor/ 
ejector is a system unto itself and not included here. With 
this definition the first question relating, to augmentors is 
whether we will be allowed to afterburn in the vertical mode or 
not. The answer to this question impacts engine sizing, nozzle 
selection and aircraft configuration. Sufficient work has been 
done on augmented engines to demonstrate the feasibility of 
bu r n i n g - a nd - tu r n i ng . These systems benefit from the technology 
work being conducted on cruise engines however the lift-cruise 
engine with vectoring nozzlys is unique enough and will be in- 
stallation peculiar enough to warrant additional development 
effort. Another potential configuration is one in which the 
engine is non-augmented in the lift mode and augmented in the 
horizontal flight mode. The combination trap door-star nozzle 
system shown in Figure 2 is ideally suited to this type of con- 
figuration. 

Engine-airframe integration is usually thought of as applying 
to the maximization of thrust minus t h r u s t- rel a ted - d ra g for the 
propulsion system at the critical mission points. V/STOL ap- 
plication broadens this definition since lift is also related 
to thrust. Thrust distribution in the V/STOL mode becomes a 
major consideration since it effects the balance of the aircraft. 
The evaluation of the total system t hr us t - to- we i g h t must recog- 
nize this requirement to balance forces. A high thrust-to- 
weight lift-cruise engine with a vectoring nozzle located at 
the extreme rear of the aircraft loses much of its effectiveness 
if it can be operated only to part power due to balance restric- 
tions. Of equal concern is the solution which offers an over- 
sized lift engine in the nose to balance the rear lift cruise 
vectors. This requirement to distribute thrust around the air- 
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craft may be the justification for the complexity associated 
with the variable cycle engine. Also associated with balance 
and maximizing powered lift is the technique of thrust spoil- 
ing for control. If thrust is continually spoiled in antici- 
pation of a thrust requirement the propulsion system is being 
oversized. Engine placement to maximize lift has been the sub- 
ject of considerable research and discussion. Both good and 
bad effects on lift have been demonstrated for different engine 
pi acements . ( ® ) 

Control and stability - the requirements for "flyable" stability 
in V/STOL aircraft is fundamental to the success of V-mode 
operational capability. These reduce to the generation of roll, 
pitch and yaw forces, thrust redistribution in response to 
power interruption, and stable and easily selectable thrust 
levels. The generation of normal control forces usually takes 
the form of high pressure reaction jets, rapid trim vectoring 
of the lift nozzles, spoiling of the lift thrust or flow modula- 
tion through fan pitch variations. Flow and thrust modulation 
for fixed pitch fans without spoiling is too slow to meet flight 
control rate requirements. The reaction jet approach requires 
the propulsion system compressor to be sized to allow large 
quantities of bleed flow. Trim vectoring takes the form of 
articulating louvers or moving nozzles which are linked to the 
flight controls. Spoiling of thrust provides rapid and positive 
control forces. Provisions for roll and pitch control at a con- 
stant altitude with this system implies an excess of thrust on 
the aircraft disposed in vectors about the aircraft center of 
gravity. Thrust spoiling is applied to maintain the desired 
altitude and is increased at one point and decreased at another 
to produce the required control moment while maintaining con- 
stant total vertical thrust. The level of thrust that must be 
spoiled in anticipation of a requirement for rapid thrust in- 
crease defines the extent of oversizing required for the propul- 
sion system. This can be directly converted into aircraft gross 
weight and SFC increase. 

The variable pitch fan introduces another variable component to 
the flight control system. In return the system produces a 
direct method of thrust vector transfer when all of the fans are 
coupled by shafting. This configuration allows the propulsion 
system to be sized to meet the vertical lift requirement while 
providing control thrust modulation through air flow variations 
produced by blade setting angle changes. 

Stable thrust control implies a propulsion system which can main- 
tain the requested thrust levels under the desired operating 
conditions. This requires an engine control system which can 
"communicate" with the aircraft flight control system, be that 
the pilot directly or an automatic flight control computer to 
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select and produce engine operating parameters to generate the 
desired thrust. The current engine electronic fuel controls are 
naturals for integration into this type of fly-by-wire system. 

Another implication of the requirements for stable thrust is a 
stable compression system. The propulsion system fans and com- 
pressors must operate surge free and any engine thrust deteri- 
oration must be accounted for in the thrust sizing. The engine 
inlets and the compressions systems should be designed together 
to produce the best (lightest, most inexpensive, stable) pro- 
pulsions system. 

Fuel consumption minimization - The minimization of cruise fuel 
consumption dictates requirements for system frontal area and 
volume, clean, low drag exhaust systems, efficient turbomachin- 
ery and properly sized engines to produce efficient cycle con- 
ditions. The volume and frontal area of the V/STOL aircraft is 
highly pro puls ion system sensitive. The propulsion systems with 
inherently high volumes must therefore be justified through off- 
setting advantages in other areas. As noted previously the 
system turbomachinery benefits from cruise engine research. The 
V/STOL propulsion system designer should apply this technology 
while minimizing internal losses such as duct pressure drops 
and selecting optimum pressure ratio and tip speeds. The desire 
to resize the engine for cruise and minimize nozzle boat tail drag 
again suggest that V/STOL aircraft may be' candi dates for variable 
cycle engines. 

The basic V/STOL requirements can be converted into more speci- 
fic requirements relating to turbomachinery design, cycle and 
configuration selection and engine/airframe interface integra- 
tion. The techniques required to specifically define el ements 
of these general requirements are discussed below from a proj- 
ect engineers point of view. 

WHAT DO WE NEED? 

Both inlet and back pressure distortion are of concern to both 
aerodynamist and mechanical designer. Inlet distortion may be 
separated into pressure and temperature gradients. Analytical 
techniques exist which predict the sensitivity of compressor 
systems to distortion patterns. To complete the analytical 
"picture", techniques to predict pressure and temperature 
pattern are required. These techniques exist in various forms 
(‘*)(®) but are not sufficiently verified and operational to be 
used on a routine basis. A similar deficiency also exists in 
the area of flow visualization and experimental techniques. 

The French chalk, smoke wand, steam, injection and gas and 
bubble tracer all have significant deficiencies. With adequate 
tools inhand we can define the conditions which are causing the 
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problems and began to provide the best solution on a total 
system basis. These solutions may well take the form of 
active boundary layer control inlets and fans designed for 
distortion. 

The area of nozzle design is another in which we have analytical 
tools for internal performance prediction but are deficient in 
the area of engine/airframe interface related performance. In - 
this area we have developed sound experimental techniques to 
investigate configuration performance in wind tunnel tests. 
Therefore in this case we need an increased analytical capa- 
bilities to investigate configuration performance prior to 
committing it tb model test. Additional analytical techniques 
to predict the details of secondary flow patterns are also in 
order. These tbols would allow better definition of temper- 
ature and pressure patterns in vectoring nozzle and better 
establish the loads and conditions for the mechanical designers. 
With better tools one would hope to see more innovations in 
nozzle design as we obtain a better understanding of the flow 
turning phenomenon. 

Thrust augmentation through reheat is attractive on a specific 
thrust basis. We in the U . S . have largely tried to apply cruise 
type afterburners to the V/STOL mode. We need to couple our 
understanding of external flow field patterns and V/STOL control 
and sizing requirements to define some new and innovative forms 
of augmentation. 


The area of engine cycles and configuration was discussed above. 
We have built a sound analytical capability in cycle analysis 
which extend from simple building block program to full vari- 
able cycle parametric performance decks. We now need to rig- 
orously exercise their capabilities in system studies to define 
optimum techniques for selecting and tailoring the engine con- 
figuration and cycle to the required mission. We need to answer 
the question of whether the variable cycle engine with its 
increased complexity can be justified in terms of increased 
mission capability. These studies need to address the advan- 
tages of new technology such as is represented by the variable 
pitch fan with its rapid thrust response and "movable" effi- 
ciency islands. 

It is appropriate to close with the "other" basic requirement. 

We need to continue in our efforts to define common avenues of 
communication. The ARP 681B definitions for performance card 
decks is representative of what is needed. Further the work 
on definition of inlet distortion communication tools by the 
SAE S16 committee provides specific guidance in a field of 
direct interest to the V/STOL designer. We must be able to 
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communicate rapidly and effectively between government agency, 
engine contractors and airframe contractors if we are to make 
rapid advancements in V/STOL development. 
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Abstract 

Many fluid dynamic problems in various types of propulsion systems for V/STOL and conven- 
tional jet aircraft can be generalized as flows in relatively short, irregularly shaped ducts. Flows 
in inlets,: flow vectoring devices, nozzles and ejectors have many similar features that are in- 
frequent or unimportant in external aerodynamics. Research efforts in support of V/STOL 
propulsion system design can be made more efficient by choosing topics of high commonality. 
This paper discusses several often-neglected problem areas qualifying under this criterion. 
Among others, the following problems are discussed: interactions between duct elements in 
series, inlet boundary conditions in test and in installation, simulation of inlet conditions in 
testing, effects of gross nonuniformities of mean flow, and high levels of turbulence. 



*This research was conducted under the McDonnell Douglas Independent Research and 
Development Program. 
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Introduction 


The aerodynamic design and development of air breathing propulsion systems are complex processes involving 
theoretical and experimental work, the latter being usually dominant in terms of cost. This disproportionality is 
traceable to our inadequate understanding of the complex flow processes present in propulsion systems. More 
insight into fundamental processes would lead to more reliable theories and computation procedures, reduce the 
amount of testing required, and thereby reduce cost. Progress in this direction requires fundamental investigations 
that should not be expected to contribute directly to the development of any specific configuration. There should 
be, however, some indirect benefits, and it is desirable to minimize the time span required to realize them. The 
imposition of such time constraints makes the definition of a research topic a very critical problem requiring ex- 
plicit and careful consideration. 

This paper is an attempt to define some of the problem areas for such time-constrained research by considering 
aspects of the aircraft propulsion system development process and describing significant problems that are common 
to many cases. This process predictably leads to some well recognized and much investigated topics, but also 
points to some that have not to date achieved popularity. 

After a short discussion of parallel and contrasting aspects of internal vs. external flow, a number of problems 
will be discussed that repeatedly arise in internal fluid mechanics and are, in this writer’s view, legitimate candidates 
for future research. No claims are made for completeness; other problems could be identified and added to the list. 

Scope 

In the context of jet aircraft propulsion systems, the central problem of internal fluid mechanics is the measure- 
ment, understanding, and prediction of flows inside relatively short ducts of arbitrary shape (L/D < 10). The term 
duct is used here in a general sense to designate any channel with two or more identifiable inlet or exit openings 
(referred to here by the common name port ) and includes subsonic and supersonic inlets, diffusers, nozzles, bends, 
and ducts for distributing air in various V/STOL schemes. It also includes all interior passages in jet engines, althougli 
the presence of moving boundaries, combustion, and the multiplicity of fow passages create special circumstances 
that set engine problems apart from those of the airframe maker. 

The author’s closer familiarity with the latter category introduces a strong bias into this paper, but much of the 
discussion should be of interest to engine designers as well. Subsonic flow is assumed inside the duct unless specific- 
ally stated otherwise. 


internal and External Flows 

Internal thiid dynamics was introduced into aircraft design on a significant scale with the advent of jet aircraft 
in the early forties. Its relative importance has been steadily growing since then, roughly paralleling the increase of 
thrust-to-weiglit ratios. It plays a large role in the design of propulsion systems for jet aircraft of all types, faces an 
additional set of difficulties in the design of highly maneuverable fighters, atid encounters its most complex problems 
in the design of jet VTOL planes. 

Internal and external lluid tnechanics clearly have a great deal in common in botli their llieoreiical and experi- 
mental aspects. They also differ from important points of view. One of the immediately apparent differences is 
in maturity. The history of significant application of external fluid dynamics in the aircraft industry is nearly 
twice as long than is the history of internal aerodynamics in this field. External aerodynamics also benefited 
because extensive human and material resources could be focused on a few subjects of demonstrably critical im- 
portance such as airfoils, axisymmetric slender bodies, and some idealized equivalents sucli as flat plates, spheres, 
cones, and cylinders. It is, therefore, not surprising that the science of external fluid dynamics has attained a 
greater capability of solving problems theoretically. Internal fluid mechanics, in contrast, appears not to have 
reached a comparable level of sophistication and relies more heavily on empirical methods. It suffers from dealing 
with less clearly defined, less visible and not so obviously important subject material. Research on sophisticated de- 
sign methods for airfoil contours is standard procedure in the aircraft industry, while the details of internal con- 
tours of inlets are usually assigned to loft engineering. 
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By far the biggest handicap, however, is the greater complexity of problems generally encountered in internal 
aerodynamics. This will be demonstrated by discussing problem areas that are specific to internal aerodynamics 
or are more critical than in external aerodynamics. 

Interaction Between Adjacent Duct Elements 

Boundary conditions in classical aerodynamics cause few headaches. In the overwhelming majority of the prob- 
lems considered, the flow is postulated to be parallel, uniform, and known at infinity. This condition is fixed and 
not dependent on the near-field behavior. It is nearly valid for free flight and may be well realized in carefully de- 
signed wind tunnels. 

Conditions are vastly different in internal flow problems (Fig. 1). For technological and commercial reasons, 
the system must be broken down into components whose performance must be considered individually. A typical 
breakdown of a supersonic propulsion system might be: supersonic inlet diffuser, subsonic diffuser, engine, after- 
burner, and nozzle (Fig. 2). Each component occupies a finite region and interfaces with two other adjacent compo- 
nents, or, in the case of inlets and nozzles, with a duct component at one port and with the freestream at the other. 
Consideration of the flow within each region as a well-posed problem requires that boundary conditions be given at 
the two port surfaces. This requirement causes a very basic and invariably present problem because the conditions 
at the ports are almost never known a priori. The duct element investigated interacts with the two adjacent compo- 
nents, and conditions at either port depend on the flow in both elements on the two sides of the port surface. 


Upstream boundary conditions 


External flow 


Model 



Uoo, Poo, Poo = constant 


Downstream boundary conditions 


Uco, Poo, poo - constant 


Independent of flow around model 


-i y U' y U 


Variable over port 
Dependent on flow in model 



y p, V/U 


Fig. 1 Comparison of upstream/downstream boundary conditions 


This situation is fundamentally different from the type of problem usually dealt with in external flows or in con- 
ventional duct flow computations. In internal flow problems, the processes outside the domain of interest do not 
enforce fixed distributions of any property at the ports (e.g., constant pressure, parallel flow, or any other condi- 
tion customarily applied); they merely influence certain properties to varying degrees. The real problem is not so 
much to satisfy a given boundary condition but to match the solution to others describing the flow in adjacent 
domains. 
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The situation is further aggravated by the shortness of the ducts (usually <1045 diameters long), so that the 
boundary conditions at the port are often dominant factors determining the flow in any given section. 

The problem of interaction is largely artificial, introduced by commercial realities, such as different manu- 
facturers for the inlet and the engine. Nevertheless, the burden of overcoming this difficulty is real and must be 
faced routinely by aircraft and engine makers. 

The situation is summed up by recognizing that (a) port boundary conditions are extremely important and (b) 
they are determined by an interaction with the flow outside the duct element of interest. 

Complete, full-scale system 


Freestream 

Supersonic 

diffuser 

Subsonic 

diffuser 

Engine 

Afterburner 

Nozzle 

Free 

jet 




me — 

Zv/7ZZ77ZZ/y 





Plenum chamber 



Subsonic 
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• 

diffuser 

/ Termination 


model 

I 
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Developmental test of individual component 


Upstream boundary conditions different 
(supersonic diffuser replaced by plenum 
chamber plus flow conditioner, if any) 

Downstream boundary conditions differe 
(engine replaced by a constant area 
tailpipe) 


Fig. 2 Problems of simulation in component testing 
(Subsonic diffuser case) 

The ultimate solution to this interaction problem is to test the entire propulsion system as a unit. Such tests, 
however, are not Only extremely costly, but are impossible until the development process is complete. Separate 
tests of components are mandatory in earlier stages, and each component test has a unique interaction problem: 
the effects of the missing neighbors of the component must be simulated. 

A proposition perhaps next best to testing entire systems would be to include portions of the upstream and 
downstream neighboring elements. The streamwise extent of these elements could be increased in a trial-and-error 
fashion until further increases no longer change the flow within the duct element of interest. 

This prescription applies, in principle, both to theoretical and experimental efforts. In practice, however, it does 
not work very well in either case. Present computational capabilities are seldom reliable enough to predict flows in 
single elements, let alone in entire strings of duct shapes. Experimental work encounters the same obstacles as the 
testing of entire systems - high cost and the frequent lack of final configurations for adjacent elements. 

The conclusion is that under the presently existing constraints on development processes, the interaction prob- 
lem must be solved by artifically simulating the effects of adjacent elements. The creation of certain desired flow 
conditions (flow conditioning or flow manipulation) is an experimental skill playing a far larger role in internal fluid 
dynamics than it does in the serene world of Uoo = constant. 
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and how closely? The criteria would surely depend on the purpose of the simulations, e.g., divergent ducts clearly 
require tighter tolerances on the inlet flow than do contraction sections. 

This aspect of simulation may be far more important in duct flow experiments than either Reynolds or Mach 
number similarity based on overall length and speed scales. In many circumstances, we have a fairly good apprecia- 
tion of the effects of approximate duplication of Mach or Reynolds numbers. In contrast, we know far less about 
the nature of approximate equality of port boundary conditions. 

Nonuniformity 

Assuming that the appropriate boundary distributions are known, and can in fact be realized experimentally 
(or incorporated in calculation procedures theoretically), a common source of difficulty is that these distributions 
are grossly nonuniform. 

This fact introduces a new dimension of variables that is required to specify the problem. Unlike in most 
external flow studies, where the geometry of approach conditions can be characterized by two constants (angle 
of attack and yaw), internal flow studies require definition of the entire distribution of one or more variables 
over both ports. Prescribing a parallel but nonuniform velocity profile at the inlet or constant pressure at the exit 
are common examples. The choice of distributions that can or should be prescribed at the ports in order to properly 
pose the problem is an intricate problem.^^ A duct segment performs differently if these distributions are changed, 
and its performance can never be considered “known” in the sense an airfoil behavior is known when its (a) and 

(a) characteristics are available. From the experimental viewpoint, the principal consequence is an inexhaustible 
supply of test variables which grossly increases the size of test matrices and thereby cost. 

From the theoretical viewpoint, gross nonuniformities eliminate the distinction between freestream and boundary- 
layer, which places the validity of classical boundary layer theory in doubt. If the boundary layer is thick compared 
with the length scale of the cross section, changes in boundary layer displacement thickness will cause sizeable changes 
in the streamwise pressure distributions. The interaction between boundary layer and freestream is strong and must 
be taken into account.^^ Although boundary layer methods have yielded surprisingly good results in some duct 
flow situations, the limits of applicability are not clear. There is a need for computation schemes that do not 
employ boundary layer approximations. Finite difference methods using the time-averaged Navier-Stokes equations 
and various turbulence models deserve (and are receiving) close attention. The combination of a rotational, inviscid 
freestream with a suitably matched boundary layer could perhaps be used as an economical approximation. 

High Turbulence Levels 

The turbulent intensities in propulsion system flows are usually much higher than those found in external flows. 
Several characteristics of internal flow account for this: thick boundary layers, the presence of unsteady zones of 
separated flow, shock wave oscillations, and, in the afterburner and nozzle regions, a higli intensity of turbine ex- 
haust turbulence. A number of difficulties are attributable to this situation. 

High turbulence levels may invalidate many empirical inputs included in boundary layer theories or finite differ- 
ence computations and used successfully in flows with low freestream turbulence. Transition and separation criteria 
are influenced. Turbulent modeling assumptions are likely to change if channel and eddy scales become comparable. 

Experimental difficulties are also numerous. Total pressure measurements using pressure probes are known to be 
in error; they are generally too high, which may lead to optimistic conclusions concerning diffuser performance 
and pessimistic conclusions concerning nozzles. (Note that turbulence intensities are generally larger at the larger 
area end of a duct passage, regardless of whether it is a diffuser or contraction section.) The magnitude of error 
is not well known and estimates vary. Hot-wire signals are difficult to interpret in large-scale, three-dimensional 
turbulence. Laser Doppler anemometers offer promise, but they do not sense pressure and are difficult to use in- 
side channels of irregular shape. Long test times may be required to obtain significant averages, causing drift 
problems and raising test cost. 
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Contributions to alleviating this complex problem might come from theoretical/numerical studies of hybrid 
methods in which the large eddies are computed in detail and the behavior of small (sub-grid) eddies is described by 
suitable modeling assumptions.^^ While this approach will be time consuming, it may represent the minimal level 
of complexity with the potential to describe phenomena of great practical importance such as dynamic inlet 
distortion. 

One profitable area of related experimental work would involve measurements in intensely turbulent shear flows, 
specifically designed to determine turbulent quantities required for modeling various terms in finite difference 
schemes. The connection between quantities measured and the calculation procedure should be direct and demon- 
strable. Overall level of turbulence would be a prime variable. 

Another area is the exploration of the response of various types of pressure probes to turbulence at various 
turbulent scales and mean shear. Despite the appearance of more sophisticated instrumentation (hot wires and the 
laser Doppler anemometer) such probes remain the mainstay of industrial practice because of their simplicity 
and low cost. The interpretation of their response is a large part of development programs. A considerable amount 
of related recent work has been published, but the interpretation of probe signals still leaves much to be 
desired. 

Reference Quantities and Coefficient Definitions 

In problems of classical, external aerodynamics, the conditions at infinity are used to define a natural 
coordinate system and to normalize the flow quantities of interest. These quantities include well-defined integral 
properties such as lift, drag, and moments. The related definitions of various coefficients are widely accepted 
and used (e.g ., C^, C^, and Cp). 


In duct flow research, no clearly superior system of reference quantities exists, except in simple cases involving 
straight, symmetric ducts with uniform approach flow conditions. The length, time, and mass (or pressure) scales 
required for normalization may be based on a variety of choices, none of which is clearly preferable. The dilemma 
is usually between an easily measurable local quantity (some specific wall pressure, peak velocity, or total pressure 
at some location) and more meaningful but hard-to-measure cross-sectional averages. 

A closely related problem is the lack of broadly applicable definitions to describe overall performance of a duct 
element. Depending on the context, various aspects of performance are of interest and definitions must be 
formulated accordingly. Unfortunately, the number of definitions in use is greater than necessary, making com- 
parison of data from various sources difficult and frequently impossible. Agreement may exist within a particular 
specialty, but it seldom transcends the limits of a particular line of application. Inlet designers use area averaged 
total pressures; ejector engineers talk about skewness factors based on mean exit velocity; nozzle experts are con- 
cerned with flow coefficients normalized by isentropic flow rates; and low-speed diffuser designers prefer static 
pressure recoveries based on mean inlet density and mean inlet velocity squared. 

Lack of a common language retards the How of information, leads to numerous duplications of effort, and reduces 
the effectiveness of internal flow research. It would be desirable to develop more formalized conventions with re- 
gard to reference quantities and performance coefficients. Tire pros and cons of various possibilities will not be 
debated here. Factors to be considered in arriving at a choice would include: a) clear relationship to basic principles, 
b) experimental convenience, and c) relation to traditional definitions. 

Summary 

Some recurrent problems in the fluid mechanic design and development of air breathing propulsion systems 
are examined to identify phenomena that are common to many applications. The motivation is to link industrial 
practice to applied research and to help define problem areas of maximum utility for the latter. 

Many of the problems are essentially the practical consequences of the ellipticity of subsonic flows and the 
finiteness of the domain of interest. High turbulence level is also considered as a major factor aggravating both 
experimental and theoretical work. 
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STUDIES OF FORCES INDUCED ON V/STOL AIRCRAFT BY PROPULSION FLOWS 


David H. Hickey* and Jerry V, Kirk^ 
Ames Research Center, NASA 
Moffett Field, California 94035 


ABSTRACT 

Operation of VTOL powerplants induces forces and moments on an aircraft over and above 
those from the direct-thrust vector. Because these induced effects are not necessarily small, they 
should be considered in the design of an airplane, both to avoid adverse effects and to enhance 
performance. The results from several investigations at various fan arrangements are presented, and 
trends discussed. A survey of induced-lift prediction methods indicates that potential flow methods 
are available, but, since their accuracy is questionable, they should be improved, possibly with better 
models of the wake and some allowance for viscous effects. 


*Assistant Chief, Large-Scale Aerodynamics Branch. 
^Operations Manager, Large-Scale Aerodynamics Branch. 
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NOMENCLATURE 


fan area, (ft^) 
jet area, (ft^) 
lifting element area, (ft^) 
tunnel cross-section area 

distance from fan axis to center of pressure, m (ft) 
half-span of wing, m (ft) 
local wing chord, m (ft) 

the variation of lift coefficient with flap deflection for unity flap-wing-chord ratio, 
per radian 

pressure coefficient, AP/q 
two-dimensional wing chord, m (ft) 
two-dimensional lift coefficient 

the variation of two-dimensional lift coefficient with jet momentum coefficient, 
per radian, 3.0 ^/ Cjd 

fan diameter, m (ft) 

/4Af\ ^2 

effective fan diameter, ( I , m (ft) 

\ Tt / 

lift induced by fan operation 
dynamic pressure, (Ib/ft-) 

fan radius, m (ft) 

radial distance from fan axis, m (ft) 
wing area, m“ (ft^) 

fan or engine gross thrust in the vertical direction, N (lb) 
airspeed, m/s (knots) 



Vj airspeed of fan exhaust, m/s (knots) 

X distance from leading edge of wing to fan radius, m (ft) 

a angle of attack, deg 

jS angle of exit louvers from the vertical, deg 

5f flap deflection, deg 

90 -jS 

5j two-dimensional jet flap angle, ’ radians 

Sji angle of lift-cruise engine nozzles from the vertical, deg 

7? fraction of semispan 

Subscripts 
s V = O 

1,2,3 pertaining to the areas in figure 14 

2d two-dimensional 


INTRODUCTION 

Research has shown that the lifting powerplants incorporated in V/STOL aircraft, with their 
high power and large exhaust deflections, induce additional forces and moments on the airframe 
over and above the direct contribution of the powerplants. These additional forces and moments, 
called “induced” herein, may be either favorable or unfavorable, depending on powerplant location 
on the airframe. 

Ames Research Center has conducted a comprehensive experimental program to define favor- 
able lift-fan placements (refs. 1 — 12). Table I summarizes the geometry of 1 1 models that were 
studied. Fan-in-wing, fans-in-pods, and independent fan arrangements have been studied. At the 
present time, fan-in-wing arrangements are not in favor because of wing loading limitations, thus 
most of the paper will consider the induced aerodynamics of fan-powered aircraft with fans at other 
locations. 

This paper shows the induced aerodynamic trends of various fan arrangements and discusses 
prediction schemes for induced aerodynamics. 
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EXPERIMENTAL INDUCED-LIFT MEASUREMENTS 


Since fan-in-wing arrangements are not of current interest, the results discussed here are for 
podded or remote installations. Figure 1 shows several large-scale podded-fan installations in the 
Ames 40- by 80-Foot Wind Tunnel. These models used 1.1 pressure ratio, 0.91 m (3 ft) diameter, 

GE X376 fans driven by a T-58 gas generator. 

The results presented here are uncorrected for wind-tunnel wall effects. For the comparisons 
presented in this paper, both experimental and theoretical, the lack of corrections to the experi- 
mental data does not effect the conclusions. 

Podded Configurations 

Figure 2 shows the ratio of induced lift to static (fan) thrust where induced lift is defined as 
total force minus fan thrust and power-off lift for forward-mounted fans as a function of the ratio 
of forward speed to jet velocity. For these configurations, induced lift becomes negative as forward 
speed is increased. The configurations with fans located at the 50% semispan location have less 
negative induced lift than fans mounted at the forward wing root or forward fuselage, thus more 
outboard fan locations minimize the adverse effect on lift. 

Figure 3 shows similar results for aft-mounted fans. The configurations with fans mounted at 
the wing-root trailing edge had a larger positive induced lift than the configurations with the fan 
mounted at 50% semispan at the wing trailing edge or at the aft fuselage. However, all aft-mounted 
fans produced positive induced lift in contrast to the forward-mounted fans, which produced zero 
or negative induced lift. 

The arrangements in figures 2 and 3 do not represent practical VTOL configurations, because 
the lift at hover produces large moments. A practical VTOL configuration requires fans both fore 
and aft. Figure 4 presents induced effects of such arrangements. The podded configuration with 
forward fans at 50% semispan and aft fans at the trailing-edge root provided the highest induced lift 
for podded configurations; this lift was comparable to an all fan-in-wing configuration. The amount 
of induced lift varied with configuration; the poorest being the configuration with fans mounted 
fore and aft in the fuselage. 

The effect of trimming drag with exit louvers on induced lift can be derived from the data on 
figure 5 (from ref. 13). Here the variation of total lift to static thrust ratio is shown as a function 
of flight velocity ratio for the condition that thrust equals drag. Data are shown for flaps up and 
down. The induced lift is greatly reduced from the value untrimmed; however, at 40 m/s (80 knots), 
the total lift is still 15% greater than the installed static thrust. This can represent as much as an 80% 
increase in payload for STOL operation, thus aerodynamic lift is well worth designing for. 

The induced-lift forces can also produce pitching moments which can cause trimming problems. 
Figure 6 shows pitching moment normalized by lift and effective fan diameter as a function of flight 
velocity ratio. As can be seen, the fan-in-wing configuration has a large variation of moment with 
airspeed, whereas, with the podded configuration, the variation is relatively small. Since some of 
the podded arrangements have nearly as much induced lift as the fan-in-wing arrangement, the podded 
configurations would seem to be superior on an overall basis. 
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Up to this point, we have been discussing induced forces on similar installations, with 1.1 pres- 
sure ratio tip-turbine-driven fans. As a matter of interest, some tests were conducted at Ames to 
confirm that fan pressure ratio would have little effect on induced aerodynamics when compared on a 
velocity ratio basis. Accordingly, both a 1.3- and a 1.1 -pressure-ratio fan were installed in the same 
wing panel with a semispan mounting. Everything, including rotation, internal flow paths, etc., 
were matched as closely as the different fan designs would allow. The results, for induced lift, are 
shown in figure 7. We see that, once again, induced lift is significant. Since the fan area to tunnel 
cross-section area is only 0.0025, the wall erfects should be insignificant and the induced-lift values 
should be accurate. However, the variation of induced lift with velocity ratio is quite different. The 
cause is unknown, but the results point out that small installation differences or fan-design differ- 
ences can alter induced aerodynamics significantly. It then follows that, when modeling fan- 
powered aircraft, every effort should be made to accurately reproduce the full-scale installation. 

A further indication of the importance of installation effects is shown in figure 8. Here the 
ratio of thrust at forward speed to static thrust is presented as a function of velocity ratio. The 
folding fans of model 7 had a relatively generous inlet radius and showed a substantial increase in 
fan thrust before the trend was reversed and thrust decreased. The thrust variation with model 3 
was more representative of fan-in-wing configurations, and is the value measured for the XV-5A. 

This was a shallow inlet but had several fixed guide vanes to improve fan inflow. The other curves 
on figure 8 are from fans in various locations on fan-in-wing model 4, where inlet radius available 
was a function of local wing thickness. As fan radius grew smaller, the reduction in thrust with 
forward speed became greater. 

To summarize, in this section of the paper, we have shown that to maximize positive induced 
lift, forward fans should be located as far outboard as feasible and aft fans should be located near 
the wing-root juncture. It was also shown that induced forces are dependent on small changes in 
configuration around the fans (or possible fan-flow profile, stream tube shape, etc.). 

Remote Lifting Powerplants 

Remote lifting powerplants are defined as those not in pods and not connected directly to the 
wing. One such arrangement is the nose fan on the XV-5A (model 3). Figure 9 shows measured 
fan thrust and overall lift of the model with only the nose fan operating. With this relatively thick 
installation, fan thrust always increased with forward speed, however, the total lift of the model 
decreased as speed increased until, at a velocity ratio of 0.4, the lift was about 1 /2 the static thrust. 
This, of course, is a case of “suck down,” as studied on jets exhausting from plates. The negative 
pressure at the sides and downstream from the jet cause the lift reduction. 

Another case of adverse induced lift from a forward-mounted fan is shown in figure 10. For 
the cases shown, the smallest adverse effect is with the fan mounted well below the wing chord 
plane. In this case, the adverse effect is caused by the downwash from the flow going through the 
fan. This downwash unloads the wing substantially. An example of the wing unloading is shown 
later in this paper, along with a theoretical prediction of the unloading. 

Figure 1 1 shows similar results for an engine exhausting upstream of a wing. In this case, since 
the engine exhaust was hot, it was necessary to use momentum ratio rather than velocity ratio. The 
parameter chosen is qS/T. Here again, the downwash induced by the jet flow unloaded the wing. 
However, in this case the maximum lift loss was about 10%. 
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The results in figures 9—11 clearly show that, when possible, powerplants in the nose of the 
aircraft or ahead of the wing should be avaoided to provide the most favorable induced lift. 

THEORETICAL CALCULATION OF INDUCED FORCES 

The flow mechanisms that produce induced forces are varied, as the discussion of experimental 
results indicate. In the case of the fan-in-wing and podded arrangements we have a thick jet flap 
which may exhaust at any location from a surface. As early as 1967 (ref. 14), fan-in-wing configura- 
tions were represented using finite element techniques. At the present time, Ames has just developed 
a similar capability to represent a complete configuration with multi-energy flow sources such as 
lifting elements. However, because none of these methods account for the separation behind the 
jet efflux, they may give erroneous lift and moment results. The problem is illustrated in figure 12. 
The flow through the fan emerges as a thick jet sheet and immediately behind the fan is an area that 
has a pressure coefficient as low as -2. The main problem is how to represent that area in prediction 
methods. A simplified equation for the predictions of induced lift, derived in reference 15, uses a 
combination of two-dimensional jet flap theory and three-dimensional flap-loading theory. 
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The right-hand term within the bracket of Eq. (1) was derived empirically to account for the sepa- 
rated area behind the fan. This simplistic approach gave reasonable agreement for lift (fig. 13). The 
calculated lift can be used with appropriate moment arms to calculate the variation of moment 
with airspeed. 



The results calculated from Eq. (2) also showed reasonable agreement with experiment (fig. 14). 
However, when the area behind the jet became large, the agreement in lift and moment deteriorated 
markedly, indicating the inability of the simple function to account for the lift loss in that area. 

The author is aware of one theoretical effort (ref. 16) to properly account for this flow anomaly. 

In this two-dimensional approach, the airfoil and jet are represented by source or sink distributions. 
As shown in figure 15, the static pressure in the separated area, the jet shape, and the free stream- 
line shape are assumed. The solution is then developed through an iteration procedure that changes 
the shape of the jet sheet to balance pressure and centrifugal forces. It is suggested that this method 
should be expanded to include finite thickness jets and jets in tandem. 

Reference 1 7 used finite-element techniques to calculate the unloading of a wing by a forward- 
mounted fan. The theory (fig. 16) represents the fan with an actuator disk and the wake, using the 
model developed by Wooler. 
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Figure 17 compares theory with experimental results. The theory generally overpredicted the 
unloading of the wing. However, since the model inlet was vertically oriented and far from the 
wing, it may not be the same as the theoretical model. The effect of a fan in front of the wing of 
model 7 on wing loading is shown in figure 18. At a V/Vj of 0.13, the theoretical jet path intersects 
the tunnel floor, so, for comparison with experiment, the path was modified to stay within the tun- 
nel walls. This modification changed Cl about 0.17. Even with the modification, the theory under- 
predicted the adverse lift effect by 0.09 Cl (about 17%). For the present state of the art of predic- 
tion methods, this is good agreement. 

CONCLUDING REMARKS 

Extensive experimental work has given broad guidelines for the placement of lifting power- 
plants to provide favorable induced lift with small variation of pitching moment with airspeed. 
However, the ability to predict induced effects accurately for complex configurations is lacking. 
Potential flow models are available and can probably yield accurate results for some configurations. 
However, for many configurations, it will be necessary to develop methods that allow for the 
separated area behind the jet issuing out of a pod or a fuselage. 
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Table I Geometry of large-scale lift-fan-powered model tested in the 40- by 80-Foot Wind Tunnel. 


MODEL 

TYPE 


WING 

ASPECT 

RATIO 

SWEEP OF 
QUARTER 
CHORD LINE 

TAPER 

Af 

S 

D 

C 

D 

b 

— 

X 

C 

REFERENCE 

1 

FAN-IN-FUSELAGE 


5 

0° 

.5 

.084 

.552 

.147 

.25 

1,2 

2 

FAN-IN-WING 

h 

3.5 

16° 

.5 

.099 

\ , - 

.428 

.269 

.392 

3 

3 

FAN-IN-WING 


3.11 

16725“ 

.32 

.147 

.48 

.349 

.43 

4 

4 

FAN-IN-WING, 6 FANS AFT 
FAN-IN-WING, 4 FANS AFT 
FAN-IN-WING, 2 FANS AFT 
FAN-IN-WING, 6 FANS FORWARD 

- 

3.43 

20° 

.47 

.115 

.076 

.038 

.115 

.292 

.268 

.245 

.292 

.505 

.336 

.168 

.505 

.42 

.43 

.44 

.322 

5 

5 

FAN-IN-WlNG 


2.2 

52.4° 

0 

.12 

.335 

.363 

.63 

6 

6 

TANDEM LIFT FAN 

FAN-IN-WING, 2 FANS AFT 
FAN-IN-WING, 2 FANS FORWARD 


5.8 (BASIC) 
3.44(GROSS) 

35° 

.3 

.073 

.036 

.036 

.796 

.398 

.398 

.164 

.164 

.164 

.286 

1.24 

-.657 

7,8 

7 

FOLDING LIFT FAN 

ROTATING CRUISE FAN 


5.8 

35° 

.3 

.123 

— 

^ — 

— 

7,8 

8 

TANDEM PODDED LIFT FAN 

2 FANS FORWARD 

2 FANS AFT 


5.8 (BASIC) 
4.04(GROSS) 

35° 

.3 

.086 

.043 

.043 

.946 

.473 

.473 

S .164 
.164 
.164 

-.80 

1.16 

9 

9 

LIFT-CRUISE FAN 

2 FANS FORWARD (PODDED) 

2 CRUISE FANS AFT 

1 ^ 

5.8 (BASIC) 
4.4 (GROSS) 

35° 

.3 

.094 

.047 

.047 

.473 

.164 

1 .164 

1 .164 

-.80 

10 

10 

LOW WING TANDEM LIFT FAN 

2 FANS FORWARD (PODDED) 
FAN-IN-WING, 2 FANS AFT 

!>• 

5.6 (BASIC) 

3.7 (GROSS) 

35° 

.3 

.080 

.040 

.040 

.473 

.370 

.165 

.165 

.165 

-.80 

1.19 

11 

11 

LOW WING, 2 LIFT 

FANS FORWARD 

2 LIFT/CRUISE FANS AFT 


8.14 

23.5° 

.23 

.115 

.057 

.057 

.48 

.48 

.134 

.134 

.134 

-2.56 

2.61 

12 
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Figure 4.- Variation of induced lift with velocity for complete lift-fan models. 
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Figure 5.- Variation of 


trimmed lift with airspeed for unaccelerated flight. 







Figure 1 Effect of fan pressure ratio and internal design on induced lift, with = 0.0025 
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Figure 8.— Effect of installation on the variations of fan thrust with forward speed, = 
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Figure 9.— Lift contribi 
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Figure 10. 



Lift loss from operation of vectored lift-cruise engines operating ahead of the wing, 
for model 4 at 6f = 40° and a ~ 0°. 
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Figure 13.- Comparison of measured and calculated induced lift for several velocity ratios with 

flaps up at 0 = 0°. 
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Figure 12. Flow field dkgram and calculation model, (a) Flow field with fan operating, for 

oj vU (S. (b) Areas for induced lift calculation. 
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igure 15.- Calculation of two-dimensional fan-in-wing aerodynamics. 
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Figure 14.— Correlation of center-of-pressure variations. 
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Figure 17.- Comparison of predicted and measured interference on 
^ asoect ratio. 
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Figure 16.— Mathematical model of lifting jet in crossflow. 
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Figure 18.- Comparison of predicted and measured wingspan load characteristics. 
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A Method for Computing Three-Dimensional Flow in Ducts 


INTRODUCTION 


A continuing problem in the development of the intakes for airbreathing 
propulsion systems is the design of efficient . subsonic diffusers. Not only is the 
engineer faced with building an efficient diffuser, but- frequently he must tailor 
the diffuser geometry to conform to certain physical constraints imposed by the 
propulsion engine and airframe... Lacking accurate generalized analytical design 
methods, the engine must rely almost exclusively on empirical design methods based 
on correlations of experimental data. In the case of three-dimensional inlet 
diffusers, the cross-sectional shape of the ducting must vary in the axial direction, 
and it is frequently necessary to introduce offset bends (curved duct centerlines). 

The diffuser geometry is, therefore, complicated, but perhaps more important, the 
offset bends induce strong secondary flows which have important effects on diffuser 
performance. Because of the vast number of geometric and flow parameters, 
comprehensive experimental programs necessary to develop generalized correlations 
become very costly. Clearly, the availability of better analytical design tools 
can significantly reduce the time and cost required to arrive at an efficient 
diffuser design, A generalized subsonic diffuser analysis capable of being used as 
a design tool must account for several physical phenomena which frequently occur in 
practical diffusers. First, the analysis must be capable of treating the case when 
the wall boundary layers are turbulent and possibly of a thickness comparable to the 
dimensions of the diffuser flow passage. Secondly, the analysis must account for 
pressure gradients transverse to the direction of flow which can arise because of 
curvature of the duct centerline. Finally, the analysis should be capable of treating 
strong interaction problems; i.e., problems in vjhich the viscous flow interacts with 
the inviscid flow. 

Because of their complexity, and particularly the interaction which occurs between 
primary and secondary flows and viscous and inviscid regions, three-dimensional flows 
In curved ducts have been extremely difficult to analyze. Rotational inviscid flow 
theory has provided Insight into the behavior of some secondary flow;; (Hawthorne, 

Ref. l), and has now been developed to the point where solutions to t.he full 
incompressible, rotational inviscid equations of motion can be computed (Stuart <8c 
Hetherington, Ref. 2). Techniques for computing three-dimensional laminar and 
turbulent boundary layers have also been developed. Some of these are surveyed by 
Nash Sc Patel (Ref. 3 ). However, there are considerable difficulties associated with 
the synthesis of secondary flow analysis and boundary layer theory into a cohesive 
method of duct flow analysis. Not the least of these difficulties is the lack of 
applicability of three-dimensional boundary layer theory in corner regions, a means 
for patching or interfacing boundary layer and rotational inviscid flow regions, and 
the treatment of interaction between viscous and inviscid flow regions. 
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In efforts to circumvent these difficulties, Patankar & Spalding (Ref. U), 
Caretto, Curr, & Spalding (Ref, 5), and Briley (Ref. 6) devised numerical methods 
for solving approximate governing equations vhich are a more or less natural 
generalization of three-dimensional boundary layer theory. In these studies, 
solutions v/ere computed for laminar incompressible flow in straight ducts with 
rectangular cross sections. The governing equations were solved by integrating in 
a primary flow coordinate direction while retaining viscous stresses in both trans- 
verse coordinate directions as opposed to only one direction for three-dimensional 
boundary layer theory. In addition, certain assumptions were made about the 
behavior of pressure gradient terras for incompressible flow to permit solution by 
forward marching integration. Subsequently, this general approach has been used to 
compute laminar incompressible flow in helical tubes by Patankar, Pratap, & Spalding 
(Ref. 7). 

Recently in companion studies, Briley & McDonald (Ref. 8) and McDonald & Briley 
(Ref. 9) have developed stable and efficient noniterative implicit numerical techni- 
ques for application to systems of coupled nonlinear multidimensional parablic 
and/or hyperbolic equations. These general techniques were applied by McDonald Sc 
Briley (Ref. 9) to the computation by forward marching integration of laminar 
supersonic flow in rectangular jets. Subsequently, the laminar incompressible 
straight -duct analysis of Briley (Ref. 6) and the improved numerical techniques of 
McDonald & Briley (Ref. 9) ^* 0 ^: compressible flows were extended and synthesized by 
Briley & McDonald (Ref. 10) and Eiseman, McDonald, and Briley (Ref. 11) into a 
method for computing subsonic turbulent flow in curved ducts. The present study 
represents a farther generalization of the latter method, to encompass general coor- 
dinates and highly complex geometries. 

Of particular interest in the present study is the treatment of complex diffuser 
geometries. Here an approximate set of governing equations is derived for flow 
passages whose bounding walls lie in coordinate surfaces of a general coordinate 
system. A coordinate system analysis is then performed for the special case of a 
diffuser having a curved centerline and superelliptic cross sections which can vary 
continuously between a circle and a mean rectangle. Examples of this class of 
diffuser geometry are shown in Fig. 1 with the aid of some computer graphics provided 
by B. Anderson of NASA Lewis Research Center. The boundary of the flow passage is 
a tube-like coordinate surface which can be thought of as a generalization of a 
cylindrical surface. 
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GOVEMING EQUATIONS IN CURVILINEAR COORDINATES 


Central to the present analysis is the fomulation of approximate governing equations 
which can be solved by for//ard inarch Irif^ intc{.^;raL i on in tiio dlrot^tion (d’ a "jjr-ijria ry I'lov/" . 
The entire flow field can thereby be obtained by a sequence of essentially tv/o -dimensional 
calculations, and this feature of the method results in a subr;t?intial r.aviny, of f:omj)utor 
time and storage compared to that which would be required for solution of the full 
(elliptic) Navier-Stokes equations. The equations are derived in a coordinate indepen- 
dent manner. A vector field that reasonably approximates the primary flow direction 
is chosen and then used as the basis for an approximation of the stress tensor. The 
time-averaged equations are written in general conservation law form, and then the approxi- 
mate stress tensor is inserted to obtain the approximate equations. Note that this pro- 
cess depends only on the choice of a primary vector field, and not on the particular 
coordinate system used for the numerical solution. The primar;^^ vector field used here 
consists of the tangent vectors to a certain family of coordinate curves that are roughly 
aligned with the flow geometry. 

The governing equations are derived from the Navier-Stokes equations for compressible 
flow of a viscous, perfect, gas. In conservation law form (Ref. 12), and, in general,' 
curvilinear coordinates (y^, y^, y^), these equations are given by 

^ (pvVg) = 0 (la) 

for continuity and 

i - 1 I 

for momentimi. Constant total temperature is assumed, and thus an energy equation is 
not required. We have used (x^, x^, x3) for fixed cartesian coordinates, p, for density, 
(v^, v^, v3) for curvilinear velocity components, and for the components of stress 
including the pressure. From the ideal gas law and the constant total temperature 
assumption, tiie perfect gas relation has the form 

p = Ap + BpgijV^vJ 

where A and B are constants and g-j_j is the metric tensor, vyhi.cli i:; deldncd by the L'unda- 
mental element of arc length, (ds)2=:g^ jdy^dy^ . In all of the above, the Finstoin 
summation convention i.s assumed. That i, s, matching ux>per Jxnd lov;c'r irid.l.re;; arc^ tcj be 
summed from 1 to 3 unless otherwise stated. 

It is assumed that, for high Reynolds nxomber. viscous effects are negligible except 
in thin layers near the walls, and thus bovindary layer concepts can be employed to 
examine the relative importance of viscous terms in the governing equations. Consequently, 
viscous terms which are considered important for boundary layer flow on walls are retained; 
other viscous terms are neglected. In this sense, the present approach can be regrrded 
as a natural extension of three-dimensional boundary layer theory. Unlike conventional 
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boundary layer theory, however, the approximate equations are to be applicable in 
the inviscid flow region as well as the viscous region and, thus, no approximations 
are made for inviscid terms other than those to be discussed for the pressure field 
in subsonic flow. 

To account for turbulent transport processes, the governing equations are time- 
averaged in the usual manner for turbulent flows (e.g., Hinze, Ref. 13). This process 
of averaging produces turbulent correlations which are conventionally termed Reynolds 
stresses. Certain components of viscous stress are removed from the time-averaged 
equations. The removal process is based upon the assumption that a primary flow 
direction exists. 


Our approximation to the Navier -Stokes equations can be written explicitly in 
the conservation law form given previously. The time -averaging for turbulent 
fluctuations, however, requires some additional notation. Specifically, the 
dependent variables are represented as the sum of a time -averaged quantity denoted by 
a .straight overbar (-) and an instantaneous fluctuating quantity denoted by a curved 
overbar After time-averaging, the equations become 


by" 


( 0 + o' ) /g 


= 0 


( 2 a) 


for continuity, and 



yJ -f p yl yJ + '3' + 'o y*^ y^ 

5x^ 


— n 4 ^ bX^' _ 

+ gij p + ) yr / g 

. i>y 1 


0 


( 2 b) 


for momentum where the > 0 ^^ are the time averaged components of the approximate viscous 
stress. The triple cross correlation terms haYe been neglected. Since the remaining 

components of Reynolds stress are coefficients in the tensor product basis 0 

they can be expressed in any needed form via a change of tensor product basics. 


For entirely supersonic flows, the approximate equations together with boundary 
and initial conditions can be solved by forward marching integration in the x direc- 
tion without any assumptions about the pressure field, as v;as demonstrated by 
McDonald & Briley (Ref. 9) for laminar flow in rectangular jets. For subsonic flow, 
hox^^ever, the inviscid flow region is known to be governed by equations which are 
elliptic; that is, by equations which require downstream boundary conditions for 
solution. In this circumstance, solution by forward marching integration is not 
appropriate, at least not without some sort of iterative procedure to satisfy the 
downstream boundary conditions. To circumvent this problem for subsonic flows, it 
is therefore assumed that the pressure field appropriate for irrotational inviscid 
flow through the passage represents a given, reasonable first approximation to the 


88 



actual pressure field. Thus, inviscid axial pressure gradients computed with 
appropriate downstream boundary conditions are ” imposed” upon the flow^ much as in 
conventional boundary layer theory, so as to- permit solution by forward marching 
integration for subsonic flows. For internal flows, the inviscid pressure gradients 
are corrected for internal flow losses associated with the well known viscous 
pressure drop and blockage effects by a process which is consistent with for\^^ard 
marching integration. The imposition of inviscid pressure gradients incorporates 
a priori the elliptic effects associated with a subsonic pressure field without the 
necessity of solving elliptic equations other than for an inviscid flow. The 
inviscid pressure field can be generated from any convenient source and does not 
necessarily require the solution of compressible or even three-dimensional inviscid 
flow equations. 


METHOD OF SOLUTION 


The governing equations can be solved (after modeling the Reynolds stresses) 
following the general approach developed by McDonald & Briley (Ref. 9 ) f'or laminar 
supersonic flow in rectangular jets. A detailed discussion of the calculation 
procedure is not included here, as such a discussion would be lengthy, and 
discussions of the general approach are available elsewhere (Briley & McDonald, 

Ref. 8; McDonald & Briley, Ref. 9). The method used is based on an implicit 
scheme which is potentially stable for large step sizes. Thus, as a practical 
matter, stability restrictions which limit the axial step size relative to the 
transverse mesh spacing and which become prohibitive for even locally refined mes[ies 
(e.g., in laminar sublayers) are not a factor in making the calculations. The 
general approach is to employ an implicit difference formulation and to linearize 
the implicit equations by expansion about the solution at the most recent fcciai 
location. Terms in the difference equations, are then grouped by coordinate direc- 
tion and one of the available alternating-direction implicit (ADl) or splitting 
techniques is used to reduce the multidimensional difference equations to a sequence 
of one -dimensional equations. These linear one -dimensional difference equations 
can be written in block-tridiagonal or a closely related matrix form and solved 
efficiently and without iteration by standard block elimination techniques. The 
general solution procedure is quite 1‘lexible in matters of detail s\ich as the type 
and order accuracy of the difference approximations and the particuia.r scheme for 
sp Litting multidimensional difference approximations . Based on previous experience 
of the authors, however, it is believed that the consistent use of a formal Lineari- 
zation procedure, which incidentally requires the solution oi coupled difference 
equations in most instances, is a major factor in realizing the potential favorable 
stability properties generally attributed to implicit difference schemes. 
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THE ROLE OF GENERALIZED COORDINATES 


The governing equations for a viscous fluid were purposely expressed and 
approximated in generalized coordinates. Like any physical process, the dynamics 
of a fluid is independent of coordinates; and is, therefore, describable in terms 
of arbitrary coordinates. The practical implication of thi r. coordinal-,^ 1n«lrvpon'lon(v> 
is that the analyst has the freedom to select coordinate systems which are easy to 
construct and which simplify the solution process. 

In the numerical solution of fluid dynamic problems there are many advantages 
to be gained by judicious choice of coordinates. The most obvious advantage is 
that the physical boundaries of a flow region can be represented by coordinate 
surfaces. This removes the need for fractional cells in general and hence removes 
the complications and loss of accuracy associated with an interpolation algorithms 
for the boundaries. This does not exclude, however, the possibility of a hybrid 
technique where, for example, internal boundaries are to be interpolated by some 
algorithm and external boundaries are to be coordinate surfaces. The need for such 
a hybrid technique would arise when the construction of a coordinate system suitable 
for all boundaries would become absurdly difficult to construct. For example, con- 
sider a duct with several simple internal objects. Here it seems most suitable to 
first generate duct coordinates and then to interpolate the internal boundaries 
relative to the coordinates generated from the duct. If, in addition, the simple 
internal objects should move relative to the duct walls then the hybrid method 
would effectively remove the need for moving coordinates. Another advantage in 
the use of generalized coordinates is that a uniform numerical method can be used. 

The solution can then ^ be performed with a fixed number of cells in any given direc- 
tion and with a uniform mesh spacing. The result is a simplification of the computer 
logic; and hence, a savings in time for both the computer and the programmer. 

Unless a hybrid technique is used, there is no need to construct an elaborate inter- 
polation routine. For the ADI method of solution that we use, the one -dimensional 
rows and columns each have fixed lengths; and hence, we are not faced with the 
combinatorical problem of monitoring the lengths of rows and coluirxns which would 
otherwise be caused by geometric changes in the boundaries. In addition to the 
above there is the advantage of an implicit mesh distribution. The uniform mesh of 
computational space is simply mapped into an appropriately distributed mesh in 
physical space. Thus, the coordinate transformation can be chosen to contain the 
distributional information as well as the boundary specifications. The resolution 
of a rapidly changing solution is the major objective in selection of a coordinate 
mesh distribution. A classical example is the resolution of attached boundary layers 
where the solution is known to have large velocity gradients. Another more subtle 
example is the resolution of large gradients in computational coordinates due to 
regions of high curvature on the bounding surfaces. When the transformation contains 
the distributional information there is no need to construct the apparatus for the 
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discrete approximation of derivatives on a nonuniform mesh. This is a savings in 
both computer logic and storage. With a different motivation, however, 11 may bo 
desired to automate the difference molecule so that the numerical techniq^ue can be 
changed with a few parameters. Changes, in practice, usually amount to a selection 
between forward, backward or central differences. For any given direction we need 
three parameters for first derivatives and four parameters for second derivatives. 
Thus, even with such an automation of the numerical method we save on computer logic 
and storage. Specifically, for an ADI direction of length N we need only 11 para- 
meters as opposed to 7W parameters for nonuniform meshes. The extra 4 parameters 
are for the boundary molecules. A further advantage is that for a given problem we 
can select coordinates from a large class of coordinate systems. In the process of 
sorting through the various possible coordinate systems we are guided by two criteria. 
First, the new coordinates must lead to a real simplification; and secondly, the 
coordinates must be easily generated. Since bounding surfaces usually become coordi- 
nate surfaces the first criterion is almost always met. The remaining complexity 
in the first criterion is directly measured by consideration of the metric tensor 
(gij) obtained from the expression for the fundamental element of arc 

length 


(ds)^ = dy^ dy^ 


(3) 


Specifically, an increase in the number of nontrivial elements in the expression of 
the metric tensor is accompanied by a corresponding increase in the number of terms 
in the equations of motion. The result is an increase in the computational work 
that is needed after the coordinates have been generated along with the necessary 
metric data. The second criterion, unlike the first, is most often neglected. The 
unfortunate result is that there is often more work involved in making the coordi- 
nates than in solving the original problem with a less efficient satisfaction of 
the first criterion. In fact, both of the criteria above usually are at opposite 
polarities in complexity. The prudent selection of coordinates is then a balance 
between these criteria. 

Our criteria for selecting a suitable system of coordinates can be used to 
compare the various classes of coordinate systems and to evaluate the relative 
utility of each. We will start with conformal transformations and continually 
enlarge the class until we obtain the most general time-dependent coordinates. 

For conformal transformations the metric tensor is simply given by a scalar 
multiple of the identity. That is, gj^^ = h(y) where the kronecker symbol 
vanishes unless i = j in which case it is unity. From this expression it is easy to 
show that h = where J is the Jacobian of the n-diraensional conformal trans- 

formation. The simplicity of the metric leads to very simple equations of motion 
at the expense of greatly restricting the class of easily obtained transformations. 
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XHes. t.ansto™atlo„s are geaerall. chained ^ 

equations wMch may in itself be costly. In ad ^ , oonformal trans- 

dlstrlbatlons Is indirect at best. In t«. dimensions, however 

formations have been successfully used on many occasions. Here the metric is g e 
by g. . = I j| 6- and the theory of functions of one complex variable is ^ ^ 

^oo^^hat 1 at^our disposal. When the boundaries of the Clow region can ho mat. .icd 
,Sl-hnc«n conform^, transformations there is nothing that can rfftctively 
"Ipere^th this way of geheratlhg coordinates. We have simply optimsed on the 
gSratll of the egLtiohs of motion and on their solution process for any given 
method of solution. In a number of cases boundaries ^ 1 

sequence of well-knowi transformations. However, in most cases of 
tance the boundaries are too complicated; and consequently, canno e s 
dPfined as desired. Thus, we are lead to approximate methods. For the gene 
SSl Ipes tLre is tL method of Theodorsen (Kef. l4) 

there is the more recent work of Ives (Ref. 15) which employs the Fast Fourie 
. Both techniques map airfoils to near circles ~ 

well-known maps; and then use a Fourier type of approximation.- The method ol 
rnLioHRef! l6) uses the Schwartz - Christoffel transformation to approximate 
trSirary sies with piecewise linear curves. This technique works best for simply 
"rected Sons where no branch cuts are needed. A basic limitation in this method 
is the poor representation of wall curvature. This can be partially resol ^ y 
using tL Schwartz - Christoffel transformation with rounded corners as in He 
(Re/ 17). But then there is little control over the rounding process, and the a 
length m/ching that was so critical to the success of the techniques in Anderson 
(If 16) bacoLa much more difficult. This level of difficulty is co.nparabi^. ah 
methods that rely on the numerical solution of differenti equa ions 
TaWc TnctioL. At this point we are probably going to spend too much time on 
"Sih gLration of the coordinate system. However, if the potential -J°r- 

10 „ is'desirad then it may still be fruitful to incur 'f » “pens ^ 

it Once the conformal transformation is obtained the potential flow is an :.rnm.cdia ,e 
result. But for viscous flows the potential flow information may be of limited 
utility. This is especially obvious since viscous displacement effects ^ 

boundary layer separation and reattachment can and usually does cause a ‘ ' 

deviation /om potential flow. For even dimensional spaces of dimension greater than 
two, the theory of several complex variables can be used._ Here the 
as with one complex variable apply. The theory however, is much more d.iir.L™i.. 

The basic tools come from sheaf theory, algebraic geometry, and complex m.uii . . 

'riinn-ln.-r and 'Ro--i Ref. l8). Tliese methods would most L.Lkcl.y liud app I.j.i.j. 

for flows in phase space wnich mathematically would be considered 
a tangent bundle. Such flows occur in plasma physics where, for example, the Fokker- 

Planck equations often occur. 

When conformal mappings become overly difficult to “f 

consider the slightly larger class of orthogonal transformations For orthogonal 
transformations the metric tensor Is given by the diagonal form gij ^ t hyn IJ’ 
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Note that, unlike the conformal transformations, the diagonal entries of the metric 
can be different. The deviation from conformality can now easily be measured by an 
examination of the ratios of the functions hj[. To see why this is so we need an 
explicit geometric interpretation of the metric. For a position vector field x, the 
vector field e. = is the natural tangent vector field along coordinate curves 

generated by holding the remaining coordinates y^,,.., ...5 y^ constant. 

It is often common practice to use the operator notation where the position vector 
field is omitted. By an application of the chain rule, the fundamental element of 
arc length can be expanded as . . 

and hence, by linear independence gj^j = note that we have an orthogonal 

metric if and only if the ej_ and are perpendicular when i j. But perpenc^icular- 
ity of ej_ and e. at a point is equivalent to the perpendicular crossing of the 
associated coordinate curves at the point in question. Consequently our intuitive 
notion of orthogonallity in terms of coordinate curves is equivalent to the metric 
expression above. In addition the functions h^ are easily seen to be equal to the 
lengths of the corresponding natural tangent vectors e^^. In a small neighborhood of 
a point the functions h^ are nearly equal to their values at the point and thus, 
the measurement of distance along coordinate curves is very nearly given by distance 
measurements along the respective vectors e-j in thn tn.ngenl; pin.no n.l, l.lio in 

question. Wlieri the functions hj^ are all equal, the distance measurement in the 
tangent plane is merely a uniform dilation or contraction of the original cartesian 
system. Thus, length ratios and, hence, angles are preserved between the cartesian 
system and the tangent plane. But the projection of tangent vectors onto the curvi- 
linear system preserves angles. Hence, with equal diagonal entries the transformation 
preserves angles and is, therefore, called conformal. Consequently, as the ratios 
of the h| deviate from unity, the transformation smoothly deviates from conformal- 
lity. With fewer constraints on the metric the selection of coordinates from the 
class of orthogonal transformations is slightly less restrictive than a selection 
from the class of conformal transformations. The process of coordinate generation 
is usually accomplished by geometric methods. The desire is to create families of 
mutually orthogonal coordinate surfaces. As a starting point, one usually begins 
the process with a given family of surfaces that are generated in some way from 
the boundary of the flow region. Families of orthogonal surfaces are then to be 
constructed to complete the specification of coordinates. The first family of 
surfaces defines a unique normal vector field. This vector field is then extended 
to a smooth field of orthogonal frames which must be integrated to generate the other 
coordinate surfaces. The condition is that the Lie derivative of frame vectors 
va.nish. That is, that the hypotheses of the Frobenius Theorem on integrability is 
satisfied (Bishop and Crittenden, Ref. I9) . The process hov/-ever, leads to 
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the sol-ution of a system of differential equations which may turn out to be a 
somewhat difficult exercise, just to obtain orthogonal coordinates. In fact, it may 
not even be desirable to use orthogonal coordinate systems. For example, consider 
the family of superellipses of degree 5 and the orthogonal family of superhyperbolas 
of degree -3- This orthogonal superelliptic coordinate system is illustrated In Fig. 
2 by the computer plots of Larsen (Ref. 20). This coordinate system tends to luinat- 
urally concentrate mesh points along or near the superelliptic diagonals at the 
expense of the off diagonal regions. Thus, a numerical procedure would over resolve 
the diagonal regions and under resolve off diagonal regions. In addition, arti- 
fically large geometric gradients would be produced between these regions and as a 
result, the solution in computational coordinates would react as if it were trying 
to solve a boundary layer problem without resolving the boundary layer region. In 
such a case instability would probably ro.'nrlt. ConsotpiOiLly , \A\n ol* 
coordinates may be undesirable because of potentially poor mesh distributions. 


General nonorthogonal coordinates are often to be preferred since the mesh dis- 
tributions can be controlled and since the coordinates are considerably easier to 
generate. The construction process is entirely geometric and generally does not 
rely on the solution of differential equations. Furthermore, points can be essen- 
tially distributed at will. For example, a replacement of the superhype rbolic 
curves by polar lines would lead to a considerable improvement over the superelliptic 
coordinates depicted in Fig. 2. Mesh distribution functipns can often be directly 
inserted into the transformation in a manner which directly distributes the points. 
The considerable improvement in flexibility associated with the class of general 
spacial coordinates does come with a small price. Specifically, the metric tensor 
has generally nontrivial off diagonal elements. As with the difference between 
orthogonal and conformal coordinates, the deviation of the general nonorthogonal 
coordinates from orthogonallity can be measured directly from the metric. That is, 
the cosine of the angle between distinct coordinate curves is given by the dot 
product of the associated unit tangent vectors. The cosine of the angle between 
curves i and j can be written as: 







y(t. . e.)(i . e ) 




N/Ciigjj 


( 5 ) 


Thus when vanishes for distinct i and j we have orthogonallity, and when 
increases from o the coordinates smoothly deviate from orthogonallity with deviation 
given by the arc cosine of the above. This deviation can be used to advantage by 
creating almost orthogonal coordinates in certain regions of importance. For example, 
one may wish to treat boimdary layers with nearly orthogonal coordinates and let 
regions of greater nonorthogonallity fall into largely inviscid regions. 
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When time -dependent problems are considered the general nonorthogonal spacial 
coordinates can be used provided that the boundaries of the flow region are rigidly 
fixed relative to the region. However, if the region changes shape as a function 
of time, then the purely spacial coordinate analysis above is no longer valid unless 
special precautions are taken. In terms of the metric we now have ttie psoudor.i omarinJ.ari 
metric from special relativity. The classical equations of motion are simply obtained 
from the vanishing divergence of the stress-energy tensor. Terms of order 2 relative 
to unity are neglected when the approximation of motion much slower than the velocity 
of light c is applied. This is discussed at more length by McVittie (Ref. 21). Possible 
applications for such coordinate systems include ducts with moving walls such as blood 
flow problems as well as flutter problems where airfoils may be oscillating relative 
to each other. As special cases we obtain the classical Eulerian and Lagrangian coord- 
inates as well' as everything in between. 
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THE COOR!;TNATE SYSTEM 


The Construction of Tuber-like Coordinates 

Tube-like coordinates will be constructed in general to provide a natural setting 
for the study of flows within, between, or outside of a set of prescribed tubes. The 
prescribed boundary tubes then become coordinate surfaces, and, as a result, the 
specification of fluid dynamic boundary conditions is greatly simplified. Although 
the equations of motion contain more terms than for a cartesian system, this does not 
add excessively to the run time of a program. In addition, there must be some control 
over the resolution of regions near bounding tubes so that the effects of wall curva- 
ture and the growth of attached boundary layers can be adequately treated. Such 
controls are obtained from the specification of coordinate distribution functions 
which shall appear only as parameters in the basic geometric construction of the 
coordinates. The basic geometry of the bounding tubes then provides the intrinsic 
constraints upon the coordinate construction. Since the primary goal is the computa- 
tion of fluid flows within nontrivial geometries and not the development of coordinate 
systems per se, the coordinates will be kept as simple as possible, given the desired 
generality. 

Considering various past successes of two-dimensional conformal mappings to 
obtain coordinates, one might naturally wish to obtain similar transformations for 
three-dimensions. Unfortunately, there is no three-dimensional theory of conformal 
transformations analogous to complex variables, and consequently, in three dimensions 
one is left with a complicated system of partial differential equations which generally 
would require numerical solution. To circumvent the considerable computational labor 
required for solution of such equations, a constructive process is used for the 
development of tube-like coordinates. 

The first step in the construction of tube-like coordinates is to create a 
suitable family of two-dimensional surfaces which, in some sense, are transverse to 
a given centerline. If orthogonal coordinates are desired, then these surfaces would 
have to bend and flex as the tube would undergo changes in cross section at different 
centerline positions. In addition to the problem of constructing transverse surfaces 
which bend and flex, there is also the problem of constructing an orthogonal grid on 
a surface which has variations in Gaussian curvature, and hence, is not flat. This 
second problem, in fact, requires a more complicated construction than the first wiiich 
in itself is not easy. Thus, the sheer magnitude of the work involved in the construc- 
tion of orthogonal coordinates certainly would remove the desire for their use in 
fluid dynamic problems which undoubtedly would require less computation in non- 
orthogonal coordinates than in the construction of an orthogonal system alone. By 
contrast, if the transverse surfaces are selected to be two-dimensional planes, then 
the construction of coordinates is greatly simplified while the fluid dynamic compu- 
tation is only marginally different due to coordinate nonorthogonality. Consequently 
the coordinate system that we shall construct will have planar transverse surfaces. 
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Since each planar transverse surface is a linear suhspace of the real three- 
dimensional Euclidian vector space any such plane can he completely specified 
by any two spanning linearly independent vectors in r 3. The specification of the 
planar family of transverse surfaces is then a result of a construction of two 
vector fields along a given centerline curve in The origin of each plane is 

chosen to coincide with the associated centerline point. (See Fig, 3) To assure 
that the planes are always indeed transverse, it will he assumed that they are 
orthogonal to the centerline at their origins. Ultimately, tuhe-like surfaces will 
he generated hy loops about the planar origins which deform in some way as we move 
along the centerline curve; in general, these tuhe-like surfaces will not intersect 
the transverse planes orthogonally. Thus, only the centerline fiircclion flclfn/mbu;:; 
the transverse nature of the cross sectional planes . Specifically, the centerline 
tangent vectors form a vector field which at each point is orthogonal to the plane 
of the two transverse vectors, and thus each centerline point carries a triple of 
linearly independent vectors. By the Gram-Schmidt orthogonalization procedure, 
each such triple of vectors can he made into an orthogonal set, and hence, an 
orthonormal set which is simply called a frame. Thus, tuhe-like coordinate systems 
are constructed from a specified centerline curve and an associated frame field. 

Now the basic question is whether there is a canonical construction of tuhe-like 
coordinate systems from either a given centerline or a given frame field. From 
the theory of space curves (Ref. 22), it is well known that for positive curvature 
and specified torsion there is a local one-to-one correspondence between frame 
fields and space curves which pass through a given point. Thus, for nonzero curvature 
the centerline space curve has a canonical frame field which is known as the Frenet 
frame. Consequently, the coordinates will he derived from the Frenet frame when it 
exists. At centerline points of zero curvature, the Frenet frame is degenerate and 
must he treated specially. 

Once the Frenet frame of the space curve y has been established, the unit 
normal and hinormal vectors V 2 and at each point of y" determine a transverse plane 

orthogonal to the unit tangent vector V]_. (See Fig. U) Relative to any such trans- 
verse plane, these vectors are also the standard orthonormal basis. Consequently, 
we can examine the plane separately from the curve, which will only appear as 
the point at the origin. In two dimensional functional terminology, the unit normal 
direction can he considered as the abscissa and the unit hinormal as the ordinate; 
or more simply, as x and y axes, respectively. Since the tuhe-like coordinates are 
to he generated from some family of tubes encasing the space curve, y , a cross-sectional 
cut hy a transverse plane produces within the plane a family of loops about the origin. 
V/e shall assume that each loop is representable hy a strictly monotone radial function 
of angle. In this regard, a polar type of description is the most suitable. But, of 
course, the loops are usually more complicated than circles, and thus, we must 
replace the radius by a function L of both radial and angular variables r and Q. 
Furthermore, when noncircular loops hound a cross section of fluid, there are regions 
of varying wall curvature. In a numerical solution, it is desirable to put propor- 
tionately more mesh points in regions of higher curvature than in regions of less 
curvature. Consequently, an angular distribution function, 0 , is a good replacement 
for the simple angular specification, e, of simple polar coordinates. The net result 
is a generalization where polar coordinates are replaced hy a pseudo-radius, r and 
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pseudo-angle, 0. Since the loops generally vary from transverse plane to transverse 
plane, the pseudo-radii and angles must also he functions of axial location, t, on 
the centerline space curve, T(t). Since the normal and hinormal directions are 
usually functions only of the centerline curve, our loops may have symmetries 

that do not reflect about either of these Fl'enet directions. Since the use of known 
symmetries is a great simplification in most problems, we need an option which 
allows one to define axes that can be aligned in an optimal way. This option is 
easily established from the specification of a function, (^(t), which is a rigid 
rotation relative to the normal-binormal directions. To bring this development of 
tube-like coordinates within the framework of the preceding tensor derivations, we 
shall use the notation, y^=9, y^=:r and y 3 =t for ps eudo- angular , pseudo-radial, and 
axial variables. In this notation, we have thus far developed (l) a length factor, 
L=L(y^, y^, y^), which is a generalization of radius, (P) riu anguln/r flfi r. L.l ( )ri 
function, 0 =©(y^,y 3 ) which is a generalization of angle, (3) a rotation function, 
0=Q(y^)j and ( 4 ) the Frenet frame, (Vj_, V2, V2)=(V2_(y3) , V2(y3), ^pon which 

the coordinates are built. That the length factor, L, and the angular distribution 
function, 0, give us a generalization of polar coordinates is obvious since polar 
coordinates are easily retrieved by taking L(y^, y^, y 3 )=y^’and ©fy^, y 3 )=yl. It is 
also worth noting that the angular distribution function, ©, was chosen to be indepen- 
dent of pseudo-radius, y^. Although it is not immediately evident, we have removed 
a considerable amount of potential computational complexity in the process of obtain- 
ing metric information, by limiting the number of derivatives which must be computed, 
furthermore 5 there is no real loss of flexibility in the construction of angular 
distribution functions. Since most commonly used analytic descriptions of loops are, 
in fact, controlled by a collection of parameters which depend only on axial location, 
y3, a knowledge of only these parameters is often sufficient for the construction 
of the angular distribution function. For example, if the loops were to consist of 
a family of concentric homogeneous ellipses, then the major and minor axes of the 
outermost ellipse would form a collection of two such parameters. 

With the above functions and the Frenet frame, the class of tube-like coo in/i. l,,cs 
c ome s directly out of t h e t ra . n s i ‘ o r m.'i t. ion 

which transforms curvilinear coordinates, 'y = (y"^, y"^' , y) into cvir tf.'s iari coord 1 no tcs 
3 r = (xl, , x 3 ) where 

cp(y^, y^) = (=)(y^, y^) + n(y^) • ( 7 ) 

At each transverse location, , the space curve vector, Y, translates the origin to 
the space curve. At a given pseudo-angle, y^ , a unit vector, V2 cos cp + sin rp , is 
determined by the sum, cp = © + Q of the radial distribution function, ©, and the 
transverse rotation, Q. This unit vector sweeps out a full 36O degs in the transverse 
plane as y^ passes through all of its values. Hence, we could call this a direction 
pointer for the transverse plane. When this direction pointer is scaled by the 
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which takes, Y2(Q) = H( 0 ,O) uniformly and smoothly into Yi( 9 ) = H( 0 , 1 ) as r goes 
from 0 to 1 . (For a general definition of homotopy see Reference 23 ). This 
is illustrated in Fig. 7 . If the loop 73 degenerate then the coefficient 

F2(6) vanishes and the length factor reduces to L(9,r) = rF^(0), we thus have 
the cross section of a duct generated by one loop. By the continuity of L as a function 
of Y2^ duct generated by one loop Yp can be considered as a limit of annular t3^’p)e 
regions between loops Yg Vp as Yo closes tightly upon the origin. This concept 
is often quite useful since the origin in coordinates generated from one loop suffer 
from the same singularity problera that occurs with simple polar coordinates. This 
singularity can be circumvented, however, by using an auxiliary loop Y2 ‘^'^dich is near 
enough to the origin to create a good approximation to the original region. To pre- 
serve overall accuracy in a nunerical computation, IlYpI I __ max F2(d) be less 

than the numerical truncation error. In fact, the well-defined limiting process v^ould 
lead one to bol.iev(j IhaL llio:r’'‘ would he ru.) prnh Icm cL .-til in Ln I, i 1 1/'; ^ I' ' i I ■' rl 1 i In-n r 1 I y 
small. But if | IY2I I taken v/ithin the region of machine rouidofl error, then lh(j , 

singularity problem may reappear by default. Consequently, it is best to choose | jy^l I 
to be much less than truncation errors but greater than roundoff errors. 

The final stage of length factor construction is accomplished by a replacement of 
the polar coordinates r and 9 by radial and angular distribution functions R(r,t) and 
iOi( 9 ,t) for aocial location t. Now since R and 0 are to be the actual polar locations 
of a loop we must reinterpret r and 9 as pseudo-radial and pseudo-angular locations on 
the same loop. V/ithin this context the two-tube length factor becomes 


L(B,r,t) R(r,t) FpM 9 ,t)) m .L-R( r ,t )] iV, ('^(S , t ) ) (9) 

and tiiC associated uiit vector b'.‘Como;> 

(!^l(e,t) +n(t)) (10) 

where the rotations (1) oi’ tiio id'-njot Irame ims hoeri included for completeness. 

\'/e sliall now proceed witli a detailed examination of the geometric content of 
the length factor, vjhich for our purposes will be assumed to be linear in r. The 
geometric content is most readily olisplayed wlien an arbitrary coordinate loop is 
excised from a cross sectional coordinate system composed of loops and radial lines, 
tor simplicity we will consider only one bounding loop. Since there is a one-to- 
one correspondence between coor'iinate loops and fixed values of r, the radii of a 
fixed r-loop are given by a unique function 1^(0) == L(0 5r) which will be useful in 
our examination of some examples. 

Tile specific examplis of length factors to be examined are chosen for their util- 
ity in the design of subsonic diffusers having cross sections which vary from circles 
or ellipses to rectangles or near rectangles. The examples are given in the order of 
iricreasirig genc'rality. In particular, we shall examine the circle, the ellipse, and 
the supereilipse . bince cross sections generated from superellipses can vary from 
Ijure ellipses to near rectangles, tiie supereiliptic parameters can be replaced by 
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smooth functions of location along the duct center J. ine , and consequently , tubes having 
continuously varying cross sections can be generated. In developing the analysis^, 
hovfever^ it was found that sucii tubes are not smooth enough for practical flow cal- 
culations . Consequently 5 a technique based on interpolation between an ellipse and a 
sufficiently smooth superellipse with large exponent was devised. The interpolation 
is accomplished by a double mini-inazc procedure which yields an interpolating function 
for supereliipses with exponents between 2 and the chosen large exponent. 

We begin with the simplest geometric loop^ namely, the circle. In this case, 
the function is the constant function = r, and the result is the polar coordi- 
nate loop. 


The ellipse is slightly more complicated than the circle. Wlien the ellipse 
crosses the x-axis at 0 = 0, rr the radial function attains equal local maxima 
and similarly when the y-axis is crossed at 0 = tt/2, 3tt/2 equal positive local minima 
are obtained. Since the function is smooth and monotonically decreasing from its 
local maximum at 0 = 0 to its local minimum at 0 = tt/2, the graph of from 0 to 
n/2 looks like a lifted cosine curve. By symmetry about the axes, the lifted cosine- 
like graph is continued over the entire interval [0, 2n]. The same result may be 
observed analytically. The equation for the ellipse is given in cartesian coordinates 
by 



were b - p[ controls the slia’pe of the ellipse and f-l cc'ntroj.r: Lhe' s. i /.(j tin;: eli.lpse, 
Tie parameter M is ]mo\m as tlic major xc-i s of tlie eli.lpse, aiid b.ho pai‘iunets,T 1) can 
reasonably be called the shape factor of liic ed-llpms: . In pmlar cooi-d l.uatcs (Lj.,, 9) 
we have 


ri.f''cos^“0 a 


fir 

[j. + (i,- - 



(.10 


from which the loccil extrema can be i d( 'H L i (‘i eJ , ]T Por ewijiipPi ■ , n < 1., b'iieii .L^naiL 
maxima corres|;)orid to values of 9 I'or vdi..]c!! (v:)s.' w .'1. Tne .h.x-al me.;-: In i a. ar<.' I,! an.! 

L^(0) = = Mr. Similarly the local min ijna aiv.i L;f.(7T/2) !,-(.( 'Wt/iO S'W iii~ 

ferentiation, we have 


LgO) 


7Mr( b‘-‘ - 1.) 

_ ^ ^ 

(l + (b"- - .1. )cos‘-9] 


( 


0 


from whlcii the moiiotonlcaiiy dccrcaoin,^ Ijdiavior I'roni 0 l,o ir/b’ can Im.; obc.i.TV' d . 
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If the exponent of 2 in the ellipse is replaced by a real number and if x and y 
are replaced by |x| and ]yj^ then the ellipse is generalized to a superellipse (Ref. 
20). The equation for the superellipse (Fig. 8a) in cartesian coordinates becomes 

(Mt * (Mt „ , 

\Mr j \^ ] 

or 

b^|x|^ + lyl"" rn^r^ 

where the exponent a is any read, number. The absolute values insure that the super- 
ellipse is symmetric about the axes. The most significant change is the parameteri- 
zation of the exponent a. Wlien a = 1 a diamond shaped loop is obtained. The loop 
is continuous but not differentiable at the axes. As a is varied from 1 to 2 the 
diamond shaped loop is continuously deformed into the ellipse. The loops correspond- 
ing to exponents a between 1 and 2 do not have second derivatives on the axes. How- 
ever, the ellipse (a = 2) has infinitely many continuous derivatives. Now suppose 
that |y| < m. Tlien as a increases from 2 to infinity^ 


(15) 

(16) 


|x| 

monotonically increases to Mr. Similar ly, if |x| < then ]y | monotonically increases 
to iTir as a approaches infinity. Thus the superellipse is an ax-)proximation to a rec- 
tangle for sufficiently large exponent a. 

Tile convergence of superellipses to rectangles (Fig. 8c) is a fairly rap:Id 
function of the exponent. ITie convergence rate is most easily demonstrated in polar 
coordinates (L^, 9). The polar radius for the superellipse is given by 





nir 

P? I 4- 


Ic.iri 


l./a 


(18) 


PoIlg that, unlike iiie [u.jro e.l.l.ipurj^ there arc no rcuad.i l.y uva.t .l.at)i.e tr i /anioiii'h,./; i c 

1.1 fications . l.-y cxaininatlon of the rectangle (Fig. 8c) that the family ot supeu’- 
ollip>:..;es (FI*;. 8a) are to apx)roxlinate with increasing exponent, we fur'ther note that 
:uadlal cojivergencc will I'e slov/ost along radial lines into the corners of the rec- 
tan)';le. From symmetry, it is sufficient to restrict our examina tion t o the first 
c|iiadrant corner P of the rectangle (Fig. 9a) which has length which bounds 

the length of the superelliptic radius along the same angle to Q. But then the sine 
and cosine of the angle are easily obtained from the rectangle itself as 
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JH- 


v/m^" + 


and 


M 


/m^ + 


( 19 ) 


respectively. A direct substitution then yields the superelliptic polar radius 

= 2 4 - ^ 20 ) 

and hence the maximuin absolute error in the suporellipt;i c afjf;roxirfiah i on, of* r^'ol.ariy/lo 
is given by the expression 


r/in^ + fl - 


(21) 


Tlie degree of rectangular approximation is evident from the table of relative error 
1-2"" in (Fig. 9t)* Since the superelliptic exponent controls the degree of rec- 
tangular approximation, it is a measure of squareness near the superelliptic corner. 
For this reason it would be reasonable to call the exponent a squareness factor. 

The radial function for a superellipse (Fig. 8a) with exponent .greater than 
2 is depicted in Fig. 8b, When the superellipse crosses the x-axis at 0 = 0, rr the 
fimction attains local maxima equal to Mp, and similarly when the y-axis is crossed 

at 0 = n/23 3tt/2 local minima equal to mr are obtained. Observe that these extrema 
are identical with those of the pure ellipse. The main difference in the curves, 
however, is a loss of monotoneity on quadrants. Unlike the ellipse, the radial func- 
tion Lj. of the superellipse increases with 0 as a corner is approached and then de- 
creases until the next extremum. In Fig. 8a as corner A is approached the graph of 
Lp in Fig. 8b approaches a maximum at A’. Since there is symmetry about the y-axis, 
the second quadrant of the superellipse can be obtained by a reflection of the first 
quadrant about the y-axis. Under the reflection corner A goes into corner B and 
the rTapli of from 0 to tt/2 is reflected about tt/2 extending the graph to tt. The 
reflected nrax.imum B' is the same distance from n/2 as is the first quadrant maximun. 
Con tinuirig .In the same manner, symmetry is applied about the x-axls. The up|)cr lialf 
plane is reflected sending corners A and B into corners D and C, respectively. Tiion 
tne graph of is completed by a reflection about n sending maxima at A’ and B’ into 
maxima and D’ and C’, respectively corresponding to corners D and C, respectively. 

The radial function L;^ for the rectangle is very similar in shape to the 
corresponding superelliptic function. The distinguishing difference is that the 
maxima A’, , C', D’ of Fig. 8d corresponding to corners A, B, C, D of Fig. 8c are 

cusped; and therefore, not differentiable. Otherwise the local extrema are almost 
identical with those of the superelliptic function of Fig. 8b. 
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COMPUTATIONAL RESULTS 


The main aim of the precent study was to develop a f^encral mcbl-iod for blie 
computation of three dimensional viscous diffuser flows. To test the feasibility of 
our method, geometrically simple test cases were run. Unless otheiwise stated, for 
the cases presented herein a square jet was considered, although rectangular jets of 
varying aspect ratio have also been run without difficulty. The free stream Mach 
number was fixed at 1.66 and a gas stagnation temperature of 3750 deg R adopted. Tlie 
ratio of jet exit centerline velocity to free stream velocity was 1.25 in all cases. 

A constant velocity core was ascribed to the jet and this core was smoothly faired 
into the free stream velocity over a distance of about one-quarter of a jet width 
using a hyperbolic tangent. A number of cases have been rim successfully but only 
two broad categories are discussed here: first, where the density was specified 
such that the pressure at the initial plane was constant everywhere; and, second, 
where the jet pressure was 1.38 times the free stream pressure. 

Considering the case of matched intial pressure, calculations were first 
performed at infinite Reynolds numbers. A Courant-Friedrichs-Lewy (CFL) number, 
Courant, et al., (Ref. 24) is defined as 

AX tanarc sin m"' 

(A, „,A.) 

where Ax is the streamwise step and Ay or Az the cross-sectional step size and M the 
streamv/ise local Mach member. Typically, many conditionally stable methods are 
evaluated on the basis of what fraction of the unit CFL number they can talce for a 
streamwise step, given some transverse 'mesh. Indeed, as defined above, a unit CFL 
number would correspond to the axial step taken by a straightforv^ard method of 
characteristics procedure integrating from every alternate transverse grid point. 
Calculations with the present method were performed using 45 x 45 grid points in the 
cross section for three streamwise meshes corresponding to CFL numbers of 12, 24, 
and 48. No significant difference between the results at various CFL niimbers was 
observed and, in addition, the exact result that, for a pressure matched situation 
the inlet profile is convected downstream without alteration, was obtained correct 
to a minimum of five figures out of the eight carried by the machine (single precision 
was used throughout). Some error buildup was noted, however, near the upper bounda- 
ries, contaminating the fourth significant figure after twelve jet half height down- 
stream but this error was quite localized. Calculations were performed by changing 
from a consistent three level second order linearization to a first order two level 
linearization simply by equating the n and n-1 levels in the linearized streamwise 
derivative of u^. For the meshes examined, the differences were quite insignificant. 
Since a quadrant of a square jet was being computed, symmetry of the solution about 
the diagonal was also checked and at about twelve jet half heights downstream was 
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held to a minimum of five significant figures on axial velocity except close to the 
outer boundaries. Computer run times were CFL independent and averaged three minutes 
of IMIVAC 1110 CPU time to march about eleven streamwise stations with 2025 grid 
points in the cross section. 

Considering now the case of lovr Reynolds luimbers, a, viscous diffusion nuiiber is 
defined by analogy to simple heat flow equation (Richtmyer and Morton, Ref . 25) 
as 

AX 

R/>u(Ay or Asf^)^ (;*•;) 

and for comparative purposes it is observed that in the diffusion dominated case of 
negligible convection the explicit method derived from a forward difference for the 
marching direction and a centered space difference at the explicit level would be 
stable for a time step corresponding to a diffusion number less than or equalto one- 
hod-f. Several calculations were performed at low Reynolds nurabers with a 45 x 45 
cross-sectional mesh. Very little difference in the solutions can be observed and 
no difficulties were experienced in performing the calculations. Ttie CFL numbers for 
these calculations were 48 and 12. The very interesting fluid mechanical observation 
was made in that although the pressure was constant everywhere at the inlet plane, 
quite rapidly as the flow developed, pressure gradients formed in the flow. After 
about thirteen ;jet he;ights downstream, symmetry was checked and at worst slight dis- 
crepancies in the fifth significant figure in axial velocity were observed. Since 
diffusion did cause changes at the outer boundaries, it was not clear whether or not 
significant error buildup at the boundary was occurring. 

Also, at a Reynolds nunber of 11 and a 45 x 45 cross-sectional grid, calculations 
were perfomed but in this instance the spatial mesh was locally refined in the jet 
keeping tlic axial step the same. Tlrls transverse mesh refinement resulted in a 
doubling of the diffusion rruml^er. In this case the Wo calciilations do not differ 
significantly. Again, syraTietry v/as checked and at worst slight discrepancies in 
tlie fifth fignire on axial velocity were observed, 

Ihlnally, the inlet density profile was adjusted to provide a jet static pressure 
of 1.38 times the free stream static and calculations perfomed for two Reynolds lumi- 
bors for a, x 45 cross-sectional mesh. Apart from the inlet density profile the 
inlet conditions v/erc identi.cal to the pressure matched case and the inlet axial 
velocity profile. Immcdiatcl^r downstreajTi of the inlet plane wiggles develop at the 
jet free stream :interface but these wiggles arc substantially gone by four or five 
jot lieights dovmstrcam. Near the jet center the jet initially over expands then 
subsequently compresses. Once again a symmetry check some ten jet heights dowistream 
indicated at worst slight discrepancies in the fifth place on axial velocities. An 
identical calculation at a Reynolds number of 5 ^ Lo3 and CFL number of 50 became 
unstable after the initial characteristic exited from the domain when over-constrained 
boundary conditions were applied. The calcizlation was rerun with the equivalency 
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condition applied and a stable solution obtained. From tlic resuLbs J. I was evidenb 
that although stable the axial step was larger than desired in view of the rapid 
changes in flow properties in the axial direction, particularly near the center of 
the jet. 

Two additional high Reynolds number cases were run for demonstration purposes . 

The first of these is for the same over pressured conditions as before and with a 
jet exit Reynolds number of 5 x 10^. However, in this instance a rectangular jet of 
2:1 aspect ratio was considered. For this particular case a relatively small axial 
step corresponding to a CFL number of about 1.4- was used with a 40 x 80 cross- 
sectional mesh. The velocity profiles at various axial locations downstream of the 
jet are shown in Fig. 10. The plots were constructed by B. Anderson of NASA Lewis. 

The last case presented was again for an over pressured jet and here an attempt was 
made to better define the flow within the jet itself by refining the mesh in this 
region. As in the earlier cases, a quadrant of square jet with a 45 x 45 cross- 
sectional mesh was used. VTith the refined mesh and an axial step sufficient to 
resolve the axial changes, the CFL number corresponding to the axial step was about 
50. The severity of the outgoing pressure- disturbance required the calculation be 
performed using the coupled four equation system and that the equivalency boundary 
conditions be imposed. When this was done little difficulty was experienced with 
the calculation. 

Using the same basic computational scheme a more complex calculation is presented 
in Ref. 10. There the scheme was used to compute the subsonic flow in a turbine 
vane passage. A conformal transformation was used to obtain the computational co- 
ordinates. The transformation was generated in a slab symmetric fashion directly 
from the Schwartz-Christoffel transformation obtained by the method of 0. Anderson 
(Ref. l6). The duct, therefore, consisted of two-curved sides corresponding to 
Schwartz-Christoffel boundaries and two orthogonal plonar end co.p:). Ab IIk^ f)ro;v^nb 
time a number of additional computations are being made for flows of varying degrees 
of complexity. Specifically, subsonic flows are being computed in various bubo- 
like coordinate systems. These results will he reported upon at a later date. 
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Figure 1. Computer graphics by B. Anderson. 
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Figure 2. Orthogonal coordinates may load to a poor meslr distribution. 









Figure 10. Under expanded rectangular jet velocity profiles. 
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Abstract 

Research on the computation of turbulent, separated, internal flows at MDRL is reviewed. 
Some of the numerical aspects of the problem are discussed. A new algorithm applicable 
to quasilinear convection-diffusion equations is presented, and sample calculations for 
laminar flow in a driven square cavity are shown. Future research is outlined. 


*This research was conducted under the McDonnell Douglas Independent Research and Development Program 



Introduction 


Flows through certain types of internal passages, such as strongly divergent diffusers, are notorious for producing 
large separated regions and for being highly turbulent. The calculation of such flows necessarily requires the numer- 
ical solution of the full Navier-Stokes equations. At the present time, the most practical approach to the proper 
presentation of turbulence, from the standpoint of cost per solution, appears to be through turbulence modeling. 

The field of numerical calculation of turbulent recirculating flows is still in its infancy. During the past seven 
years, however, successful computer codes for solving the full Navier-Stokes equations with transport-type turbu- 
lence models included have been written at Imperial College! and at Los Alamos^. These codes are restricted to 
simple geometric boundaries formed by perpendicular lines. In the calculation of turbulent recirculating flows, 
much remains to be done in the development of fast, reliable computing methods, in improving the accuracy of 
the finite difference schemes, in exploring the range of applicability of turbulence models (and if need be in 
producing better models), and in developing methods to handle boundary shapes of practical interest. 

Turbulent Flow Calculations at MDRL 

For over two years, work has been underway at McDonnell Douglas Research Laboratories (MDRL) with the 
objective of creating a computer code to calculate two-dimensional turbulent flows in ducts with smooth arbitrary 
wall contours. This involves the numerical solution of the steady, time-averaged Navier-Stokes equations with a two- 
equation turbulence model. Viscous effects are also included so that the calculation will predict the laminar sub- 
layer structure as well as a natural transition from laminar to turbulent flow in the streamwise direction. 

The computer code is designed to calculate separation and reattachment points without the restrictive parallel 
flow assumptions that are commonly made in the sublayer!. The extreme thinness of the sublayer requires that 
grid points be packed in that region for adequate definition. This naturally results in increased computation time 
over the usual practice of ignoring the detailed structure of the sublayer. In the present treatment, adequate grid 
definition in the sublayer is achieved by using stretching functions of the coordinate normal to a solid boundary. 

Considerable work has been done in the detailed study of existing two-equation turbulence models. Extensive 
calculations with the turbulence models of Jones and Launder^ and Saffman^ in fully developed flows have been 
made to gain an understanding of their behavior in simple situations. As a consequence of this work, several im- 
provements were made to the Jones and Launder model^. Based on this experience, the Saffman model is the 
current choice because it is numerically better behaved near a wall and does not require fitting functions in the 
sublayer. In addition; the so-called universal constants in this model are all chosen by the elegant means of apply- 
ing it to simple limiting cases. 

Paralleling the work with turbulence models has been an investigation of a numbei of finite difference 
techniques in connection witli various types of iterative (relaxation) procedures for solving tlie Navier-Stokes 
equations. Most of this work has concentrated on laminar flows to understand the convergence behavior of the 
methods without the added complication of the turbulence equations. This work has resulted in the derivation 
of a new finite difference algorithm for convection-dilTusion equations that possesses second-order accuracy and 
unconditional diagonal dominance. 

In order to treat duct elements of arbitrary smooth contour, conformal mapping is being used to generate 
a computational grid. An orthogonal grid is desirable for use with the Navier-Stokes equations for convergence 
reasons. The inverse approach of Thom and Apeltb is used to establish the network of grid points. Starting with 
a uniform grid in the computation plane, stretching functions are used to distribute grid points where needed. 

The solution of Laplace’s equation for the physical coordinates enables the mapping modulus to be determined 
without interpolation. A computer code to perform inverse conformal mapping, witliout the stretching functions, 
has been written and is operational. 

At the present time, the tur bulence model of Saffman is being applied to entry flow in a channel. This requires 
only a simple Cartesian grid. The aim here is to gain experience with the highly nonlinear set of governing equations 
in a simple geometry before adding conformal mapping to treat more general boundary shapes. 
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Problem Formulation 


The equations to be solved are the two-dimensional, steady, time-averaged Navier-Stokes equations incorporating 
the two-equation turbulence model of Saffman^. For simplicity, the flow is taken to be incompressible. 

The set of nonlinear algebraic equations resulting from a suitable finite difference approximation of the steady 
equations is solved by relaxation. The solution by relaxation, if performed properly, can be accomplished in 
fewer cycles than the steady-state solution obtained as the asymptotic limit of the time-dependent approach. 
Savings in computer time of as much as 40% have been reported^. 

Since the flow is two-dimensional, stream-function vorticity formulation is used. With the addition of the 
two-equation turbulence model, the number of dependent variables is four. Vorticity and the two turbulence 
quantities (turbulent kinetic energy and turbulent pseudo-vorticity) all obey a quasilinear convection-diffusion 
equation of the form, 

fxx + Rafx + fyy + R/3fy = S, (1) 


where a. and jS are convection coefficients depending on other dependent variables, S is a source-like term also 
depending on other dependent variables, and R is a parameter, such as Reynolds number, that can be large. 
The major source of difficulty in solving Eq. (1) arises from the nonlinear convective terms and, to a lesser 
extent, from the source-like term S. 

Finite Difference Approximations 

In the present work, only finite difference operators involving three or fewer grid points in a given direction 
have been considered. This means that the truncation error is at best second order. The grid pattern is the 
familiar five-point star shown in Fig. I where point-of-the-conipass notation is used. 



Fig. 1. Five-point finite difference star 


For purposes of illustration, the step size li is taken as uniform. 

The five-point finite difference approximation of Hq. ( I ) can be written, 

Cg t{£ + t\Y + + Cg fg - Cp fp = Splr . (2) 
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The exact form of the coefficients Cj will depend upon the particular finite difference approximation. Also, 
the Cj are usually functions of the other dependent variables. Equation (2) applied over the entire field of grid 
points together with boundary conditions constitutes the approximating system of nonlinear algebraic equations 
to be solved. 

In the simplest iterative scheme (point or line relaxation), the coefficients Cj and source term S are evaluated 
from the previous iterate, thereby decoupling the equations. The system for the new iterate therefore becomes 
linear. To ensure convergence of this type of iterative process, diagonal dominance of the coefficient matrix 
is required, as expressed by 

lCEi + iCwl + lCN| + |Cs|<|Cp|- (3) 

Strictly speaking, the satisfaction of Eq. (3) over the entire field assures convergence only for truly linear 
systems. For nonlinear equations, diagonal dominance does not necessarily assure convergence, as present 
experience has shown. Without diagonal dominance, the iterative process can be expected to diverge^. 

Questions concerning diagonal dominance and truncation error led the author to spend considerable time 
exploring the characteristics of upwind differencing, central differencing, and the exponential differencing 
scheme of Allen and Southwell^ on simple laminar flows. This investigation led to the development of a new 
finite difference algorithm for Eq. (1) that has second-order accuracy and is always diagonally dominant. 

Augmented Central Differences 

The central difference (CD) approximation applied to Eq. (1) has a truncation error of 0 (Rh^) but is only con- 
ditionally diagonally dominant depending on the magnitude of Ra and Rj(5, the convective coefficients. As these co- 
efficients become larger, diagonal dominance is lost. The author has extended the CD approximation so that diagonal 
dominance is always maintained while the truncation error remains 0 (Rh-). This new algorithm for Eq. (1) is called 
"■augmented central differences” (ACD). 

The CD approximation losses diagonal dominance because point P at the ccmtcr of the finite difference star is 
not included in the expressions for the convective derivatives ('^ and ty. The CD approximation for e.g., is 

a.-: 'w Ir 

2h 6 

The ACD idea is to evaluate (fxxx^P ^ d- ^ 1 1 dilTei enl iat ion and retain only leading terms containing R. 

The derivative (fxx)p i’t Cxxx^P trom diriereiitiation of llie convective lerin is evaluated by tlie usual CD 

expression. After some algebra, the A(’D expression tor (lx)p 


xh> 


>\V 


:ii 


Ro' j > ( I j . 2 1 j ) t 1 Yv ) * ' E S I i I" 1 ( )( 1 1 ' . K 1 1 ) , 


(5) 


where 


I - ^ X * X xy * y IP- ^ ^ 

Tile leading icnn on the right-hand side ot l-cj. t 5 ) is ihe CD con 1 1 ibni ion, (he next leiin is a slabili/ing term that 
assures diagonal dominance, and (lie final term maintains (lie truncation error at the same order as the CD approxi- 
mation, Tlie quantity Sj is treated like a source term and evaluated from the previous iterate. 

The ACD algorithm retains tlie form given by Hq. (2) except that the right-hand side is replaced by 
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2 2 

Sp - — Rg (apSj + ^pS3) h^. 


where Rg is the grid parameter defined as Rh and S3 is a term occurring in the ACD expression for (fy)p analogous 
to S|. The ACD coefficients Cj are given by 

2 2 2 

C£ = 1 + RgQp+~Rg cep ; 

2 2 2 
Cw = 1 - Rgo:? ’ 

C]^ = 1 + Rg^p 

2 

Cs =l-Rg^p + YRgV> 

Cp =4 + YRg2(ap2 + ^p2)_ 

Diagonal dominance will always be maintained by this system irrespective of the magnitudes of Rgftp and RgjSp. The 
ACD algorithm, because of the numerous'arithmetic operations involved, requires almost twice as much computation 
time per grid point as the central or upwind difference algorithms. 

Results 

To date the ACD algorithm has been applied only to laminar flows with simple geometries. The aim has been to 
study its convergence properties. The problems solved were flow in a square cavity with a driven wall and a jet im- 
pinging perpendicularly on a planar wall. For both of these cases, published numerical results exist for comparision. 

Figure 2 shows the cavity streamlines obtained with the ACD algorithm at a Reynolds number of 400 based on 
cavity depth and wall speed. The grid is 41 x 41. A recirculating eddy is present in each of the lower corners. Figure 3 
compares the distribution of horizontal velocity component u along the vertical centerline of the cavity a R = 400 
computed using ACD, CD and upwind differencing. Also shown are the results of Burggraf^ obtained using a CD ap- 
proximation. The agreement between ACD and CD solutions is excellent. Tlie shifting of the upwind difference 
solution is caused by numerical viscosity (first-order truncation error). Even at this Reynolds number, boundary 
layers on the walls as well as an inviscid core can be seen developing. 

Table 1 presents a comparison of the number of iterations required to reach convergence and computation time 
for the cavity at R = 400 as calculated by the three finite difference methods. A CDC 6500 computer was used. The 
convergence tolerances on stream function and vorticity were 10 and 10 respectively. The relaxation factors 
used are shown in the table. In all cases, point relaxation was used with no coupling of the equations. 

Table 1 shows that ACD requires only a few more iterations to converge than UD but is the slowest of the three. 
As already mentioned, this is due to the added computations necessary at each grid point. 

Initial runs on the cavity problem using line relaxation in conjunction with Newton’s method^^ indicate that 
the number of iterations required for convergence with the ACD method is reduced by 40% over the standard point 
relaxation scheme. With Newton’s method, the coefficients in Eq. (2) are brought into the iteration with the result 
that all the finite difference equations become coupled. The labor required to invert this system adds 
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Fig. 2 Streamlines in a square cavity with a uniformly moving 
upper wall obtained with ACD algorithm 
Reynolds no. = 400 41 x 41 uniform grid 
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Table 1 Solution parameters for cavity at R = 400 


Method 

No. 

iterations 

CPU time 
(s) 

Relaxation factors 

Stream fn. 

Vorticity 

ACD 

592 

732 

1.6 

1.0 

UD 

541 

359 

1.6 

1.0 

CD 

963 

648 

1.6 

0.4 


GP75.0S73-2 


computation time at each grid point. It is still too early to tell what the real advantages will be with this technique. 

Of course, coupling the equations during the iteration may turn out to be the only dependable way of ensuring 
convergence. 

The turbulent entry flow program has only recently reached the checkout stage. At present, upwind differencing 
is used and the uncoupled form of the equations is solved by point relaxation. For this problem, the initial velocity 
profile at the entrance is taken to be uniform as are the turbulence profiles. Neumann conditions are used at the 
downstream boundary and symmetry conditions at the upper boundary. The lower boundary is the channel wall. 

The program is still in the early stages of checkout. Preliminary runs indicate that decoupling the equations in the 
turbulent case is not warranted. In fact, divergence of an apparently stable scheme has been encountered. 

Future Plans 

The main task for the immediate future is to find a reliable, convergent iteration scheme for the turbulent entry 
flow problem. Once this is accomplished, the inverse conformal mapping will be added to enable flow calculations 
in duct elements with curved walls. 

Present thinking is that coupling the turbulent finite difference equations using Newton’s method will be necessary 
to ensure convergence. This will be done first using point relaxation, which is easiest to do, and then with line 
relaxation. 

Direct inversion of the algebraic system, after applying Newton’s method, may turn out to be the most reliable 
method to obtain a solution. This method requires large amounts of computer storage to accomodate the large 
matrices involved. Keller and his students at California Institute of Technology have used direct inversion success- 
fully in solving laminar flow problems by the method of series truncations^ 1,1- Morihara and Cheng^^ have also 
used direct inversion on the laminar channel entry flow problem. They used higher order upwind diflerencing to 
ensure diagonal dominance in the block matrices. Only five iterations were required to achieve a convergence 
tolerance of 10~^ at R = 2000. 
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ELEMENTS OF THREE-DIMENSIONAL FLOW 


INTRODUCTION 

Three-dimensional flow has long been recognized as playing an 

important role in the operation of aircraft engines. The use 

of the turbofan engine for V/STOL applications, particularly 

with respect to thrust vectoring nozzles, accentuates the 

importance of including rotational, 3-dimensional flow effects 

in the design System. This report describes a three-dimensional, 

( 1 ) * 

rotational flow analysis program developed by Detroit Diesel 

Allison under contract with the Naval Air Systems Command, 

Code: 310 and uses it to interpret the results observed in a 
number of rectangular, turning duct experiments. The principal 
conclusions obtained in this study are: (1) streamwise vorticity 

components of significant magnitude can be expected at the exit 
of turning ducts, and (2) the vortex structure makes major 
alterations in the static pressure and velocity components 
throughout the entire flow field. 


* 


Superscripts denote listed references. 



THEORETICAL MODEL 

Steady, strictly adiabatic, inviscid flow of an ideal gas is 

frequently taken as the basis for fluid mechanics analysis of 

flow in turbomachines. Accepting this basis, the continuity 

equation, the three momentum equations, the energy equation, the 

equation of state, and the defining equation for total stagnation 

enthalpy form the governing equations. These seven equations, 

as shown in Figure 1, then form a closed system for the three 

velocity components, (v , v and V ) , the density (p) , the 

X Y z 

entropy (S) , the temperature (T) and the total stagnation 
enthalpy (H) . 

The primary mathematical difficulties in solving this set of 
equations arise from the simultaneous solution of the three 
complex momentum equations. This difficulty can be alleviated 
by forming the vector dot product of the velocity with the 
momentum equation and subtracting the energy equation. 

This equation, which states the entropy is constant along a 
streamline, can be used to replace one of the momentum equations. 
The modified set still requires the simultaneous solution of 
two momentum equations. As a matter of expediency, gne of the 
momentum equations is usually eliminated at this point by 
assuming two-dimensional flow (i.e., one of the velocity compo- 
nents is zero). C. H. Wu ^ ' pointed out that three-dimensional 
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flow fields can be built np from mathematically two-dimensional 
calculations by applying the analysis on a predetermined but 
arbitrary stream surface with variable stream tube thickness. 

In this propedure the equation of the stream surface replaces 
the second of the three momentum equations and the stream surface 
geometry is, systematically updated as the calculation progresses 
from one two-dimensional problem to the next. 

The application of the governing equations to a predetermined 
stream surface is illustrated in Figure 2 for the continuity 
equation. In this form the continuity equation is written 
entirely in terms of flow properties on the stream surface and 
a stream function, ii, can be defined as shown in Figure 2. 
Substituting these special derivatives and the stream function 
into the one remaining momentum equation produces equation I of 
Figure 3. Introduction of the stream function, 4'/ allows the 
energy equation and the entropy equation to be written quite 
simply as shown in equations II and III of Figure 3. 

On the stream surface the total stagnation enthalpy, H, and 
the entropy, S, are functions of the stream function, alone. 
These functional relationships can be established from the inlet 
flow conditions. The remaining momentum equation is a second 
order, quasi-linear , partial differential equation. The solution 
is initiated by obtaining a first estimate of the stream function 
for incompressible, irrotational flow (F=0) . This initial ip 
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value is then used in the energy equation, the entropy equation, 
and the auxiliary relations for velocities and density to obtain 
an updated F distribution. This updated F distribution is then 
used in the momentum equation to improve the ip estimate and this 


iterative procedure is continued until consistent sets of F and 
ip values are obtained. It should be noted that the differential 
surface elements (9x/9y ) of Figure 2 have been replaced 
by their equivalents in terms of unit normal surface vector 
components, n^/n^. 


The full three dimensional flow field is produced by iteratively 
updating the stream surface geometry based upon the mathematically 
two-dimensional calculation described above. The calculation is 
initiated on a series of assumed stream furfaces (ip = constant) 
as shown in Figure 4. On each of these stream surfaces a set of 
streamlines are calculated. A set of stream surfaces ((p = constant) 
essentially orthogonal to the original surfaces are generated by 
connecting equal <f> streamlines on the various ip surfaces as shown 
in Figure 4. All of the information necessary to define the 
geometry of the new set of stream surfaces is available from the 
solutions on the initial set of stream surfaces. Thus, an iterative 
procedure is defined wherein the results of the calculations on 
one set of stream surfaces define a new set of stream surfaces. 

This iterative procedure continues until no further significant 
changes occur in the stream surface geometry. 
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CONTROLLING FLOW PHYSICS IN TURNING DUCTS 

The first step faced in modeling any real flow situation is to 
establish the controlling flow physics elements. In the case of 
flow through turning ducts at moderate to high Reynolds numbers 
three important questions arise. These are: 1, whether the 
flow must be modeled including Viscous forces; 2, whether an 
irrotational potential flow solution is adequate and 3, whether 
the three-dimensional effects are critical or a two-dimensional 
model will be sufficiently accurate. The following paragraphs 
compare results of the 3-D theoretical model described in the 
previous section to experimental data taken from a number of 
rectangular turning duct experiments. In order to compare data 
from various sources, it is useful to scale the experiment for 
known effects. The geometry of a rectangular turning duct can 
be fixed by three parameters: the turning angle, 0; the duct 
width to radius ratio, 2a/R; and the duct aspect ratio, b/a . 

These dimensions along with inlet profiles (i.e., inlet vorticity) 
are shown for a 90° bend in Figure 5. It is also informative 
for comparative purposes to consider the case of equilibrium, 
one-dimensional flow in a bend. As seen in Figure 6, both the 
r- and 0- momentum equations with V^=0 and no inlet vorticity 
(•^ = = O) show the streamwise velocity component, 

Vg, to be inversely proportional to the radius, r. Finally, 
normalizing the difference between the local static pressure and 
the inlet total pressure by the inlet dynamic head makes the 
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pressure differential insensitive to flov 7 rate or inlet Mach No. 
Figure 7 compares the data of Young, Howard and Jerie^^^ with 
results of three-dimensional flow analysis and the one-dimensional 
equilibrium flow model. Generally good-agreement is obtained 
between the pressure distribution along a radial line half way 
through the bend (0 = 45°) and along a constant radius (r/R=.833) 
near the ID of the duct along the length of the bend. Further- 
more, the equilibrium flow model gave equivalent results to the 
full 3-D analysis. Inspection of the 3-D results show this 
should be the case since there was no inlet vorticity and the 
radial velocity was truly near zero throughout the bend. A key 
point is that the inlet boundary layer thickness v;as truly 
negligible with respect to the width (48") of the duct. 

Figure 8 shows inner wall static pressure distributions for 

several smaller, rectangular, 90° bends. The data for — = i 

R ' 

2/3 and 1/2 are from reference 4 and the data for ~ = 1/3 are 
from reference 5. The reference 4 data were obtained on two inch 
square rectangular ducts with uniform inl.ets except for approxi- 
mately 1/4 inch thick boundary layers. The reference 5 data 
were obtained from a 5" wide and 10" high duct (2a=5"; 2b=10") 
with a strongly distorted inlet velocity profile. The static 
pressure levels of equilibrium flow are also shown on Figure 8 
for each of the duct geometries tested. Unlike the results for 
duct shown in Figure 7, there is very poor agreement 

between the equilibrium results and these smaller duct data. 

The primary difference between these two data sets would appear 
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More specifi- 


5 a 6 b 

to be the inlet distortion parameters, — and r~. 

^ a b 

cally, the data which does not agree with equilibrium flow has 

f 6 ) 

significant inlet vorticity. Weske '■ has studied the flow field 
development in turning ducts and has shown that the low energy 
inlet flow near the walls of the duct does not have sufficient 
streamwise momentum to resist the static pressure field developed 
by the turn. As shown in Figure 9, the low energy fluid is 
transported to the bend inner radius and can produce a separated 
eddying zone. These phenomena clearly differ from the assumptions 
of zero inlet vorticity and zero radial flow assumed in the 
equilibrium model - 

Focusing more directly on the effects of inlet distortion or 

(5) 

vorticity, the data of Joy was analyzed with the rotational, 
three-dimensional analysis. Figure 10 compares the theoretical 
and experimental total velocity profiles on planes at the inlet (0°) 
as well as 30° and 60° through the bend. Since the static pressure 
is nearly constant throughout the flow field these velocity pro- 
files represent constant tota], pressure stream surfaces. These 
figures, which represent the low'er half of the svnimetrjcal duct, 
show the horizontal stream surfaces coining into the duct have 
rotated tov;ard the inner r<adius of the bend by about 20° at the 
30° station and over 90° at the 60° station. From these results 
it is clear that with strong vorticity throughout the inlet, the 
swirling motion reduces significantly the static pressure gradients 
that would otherwise be established to counteract the centrifugal 
forces in a tv/o-dimensional , turning flow field. 
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CONCLUSIONS 


The results of this study show that a potential flow model will 
not be representative of turning duct flow in cases where the 
inlet profile is distorted over a significant fraction of the 
inlet. The critical magnitude of the distortion and fraction 
of the inlet flow which must be distorted to cause appreciable 
deviations from potential flow are not known precisely at this 
time. Clearly, when the inlet distortion is sufficient to bring 
about these appreciable deviations it is as a result of rotational 
flow effects and a three-dimensional analysis is required. Insofar 
as viscous forces are necessary to develop the inlet flow profiles, 
they are critical in the analysis of flow through turning ducts. 

The data from the large duct of reference 3 show very acceptable 
agreement with the inviscid analysis as does the data of Joy, 
reference 5. The work of Weske^^'”^^ on small bend radii, 4/3, 

does not clearly separate the effects of \’iscosi.tv in the inlet 
from that in the bend, but \/iscous f('(rces cloa.rlv are important. 

These simple rectangular bend ex|>er Lnients provide tlie basis for 
interpretation of the control 1 i m:! flow mocdi.i n i sms . Tr. assess 
the e X i s t e n c e o f rot a t i o n a 1 f 1 o w i 1 1 i n ( :■ r ■ , ■ t ) r a c t i i ■ a 1 I i a r d w a r e con -- 
figurations, an experiment was porforiiKvi to riite'.suto tlio flow in 
the exit plane of a model turbijic di.tfu.ser systi’iii. This particular 
system turns the flow 90° from the turbine exit to the exhaust of 
the collector. Figure 12 shows the measured total pressure losses 
and flow angles. The existence of two strong vortices is evident 
in this data. 
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FIGURE 1. Governing Equations for Steady^ Inviscid, Strictly 
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FIGURE 2. Continuity on a Stream Surface 
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FIGURE '3. Stream Surface Theory 
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INTRODUCTION 


Attention was directed in this investigation to aerodynamic anal- 
ysis methods for non-rotating elements of the flow path in air-breathing 
propulsion systems for V/STOL aircraft. A considerable volume of pub- 
lished information is available on V/STOL lift/thrust- vectoring/pro- 
pulsion system requirements and on the relative merits of the numerous 
V/STOL aircraft configuration concepts. While these documents emphasize 
the critical importance of aircraft/propulsion system integration in 
development of high-performance V/STOL vehicles, there is limited dis- 
cussion of the origin of assumed component performance characteristics. 
This might be acceptable if propulsion component operating environments 
or the engine configurations themselves were similar to those encountered 
in conventional aircraft for which long operating experience and a broad 
data base exists. However, V/STOL operating environments are unique and 
severe, and proposed propulsion system configuration arrangements invari- 
ably Include geometric and aerodynamic features of a non-standard char- 
acter . 

Most currently attractive V/STOL lif t/thrust-vec toring/propulsion 
systems include extensive and complex internal flow passages or transfer 
systems (in addition to those normally found in turbojet and turbofan 
engines) . The nature of these passages or ducts is briefly reviewed in 
the following section, V/STOL PROPULSION SYSTEMS - CURRENT TECHNOLOGY . 

This discussion designates the fact and the reason that these passages 
are important to aircraft system performance. It also explains why 
analysis of the flow in these passages must often be considered as a 
combined internal/external flow problem. The section thus establishes 
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the requirement for effective analysis methods for the subject configu- 
rations and also indicates the present basis for development of these 
passages. 

The subsequent section, PROPULSION SYSTEM COMPONENT FlOW MODELING'^ 
TRENDS AND EXPECTED PROGRESS, defines the fluid dynamic, mathematical, 
and geometric elements of the design analysis problem. It also suggests 
some decision guidelines for near-term use in deteirraination of the fea- 
sibility of computational flow field analysis as contrasted with an ex- 
perimentally-oriented approach. 

The final section, RECOMMENDED PROGRAM EXTENSION AND DEVELOPMENT, 
includes conclusions and recommendations for research in three areas 
identified as important to the effective development and integration of 
current and future V/STOL aircraft propulsion systems. These areas 
cover a broad range of engineering and applied scientific research topics 
which should directly contribute to improvement of present methods for 
analysis of internal and mixed internal/external flow passage geometries. 

This report was prepared by investigators with prior experience 
primarily in the field of turbojet and turbofan engine component re- 
search and development. The study itself was conducted with substan- 
tial and candid cooperation of numerous specialists in propulsion system 
application and integration as well as many individuals productive in 
computational fluid mechanics. The authors take responsibility for the 
accuracy of the content of this report, but at the same time must ac- 
knowledge the excellent guidance and data supplied by the government 
and industry personnel who were visited and consulted. 
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V/STOL PROPULSION SYSTEMS - CURRENT TECHNOK»GY 

Vertical and short takeoff and landing aircraft concepts (with the 
exception of the helicopter) have been under intensive study for only 
about fifteen years. Earlier research and prototype development was 
not commercially or militarily conclusive. Even during the past ten 
years a substantial amount of the reported work has consisted of paper 
studies and feasibility analysis not supported by experimental demon- 
stration. In the unclassified literature studied in this investigation, 
summary papers published by the National Aeronautics and Space Admini- 
stration, for example, in 1971 [l] and 1972 [2], review activity in the 
United States, while additional programs have been described in AGARD papers [3] 
MUnzberg [4], and Korbacher [5] . An overview of the VTOL situation by 
Pavlenko [6] gives a good comparative evaluation of western technology 
and at the same time gives some idea of Soviet internal programs. 

Because of the high degree of aircraft propulsion system integration as- 
sociated with most V/STOL design concepts, it is not easy to produce a 
list of documents related primarily to V/STOL propulsion, but Pavlenko 
[6] and Sanders et al . [ l] probably represent the best of the reviews 

available . 

Definition of the Internal and Mixed In ternal/Extemal 
Flow Problems Associated with V/STO L Propulsion 

The present study is intended to concentrate mainly on V/STOL 
lift/thrust-vectoring/propulsion systems and more specifically on aero 
dynamic features of those systems which are substantially different 
from those of conventional air-breathing propulsion systems. Some 
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the requirement for effective analysis methods for the subject configu- 
rations and also indicates the present basis for development of these 
passages. 

The subsequent section, PROPULSION SYSTEM COMPONENT FLOW MODELING- 
TRENDS AND EXPECTED PROGRESS, defines the fluid dynamic, mathematical, 
and geometric elements of the design analysis problem. It also suggests 
some decision guidelines for near-term use in determination of the fea- 
sibility of computational flow field analysis as contrasted with an ex- 
perimentally-oriented approach. 

The final section, RECOMMENDED PROGRAM EXTENSION AND DEVELOPMENT, 
includes conclusions and recommendations for research in three areas 
identified as important to the effective development and integration of 
curri^nt and future V/STOL aircraft propulsion systems. These areas 
cover a broad range of engineering and applied scientific research topics 
which should directly contribute to improvement of present methods for 
analysis of internal and mixed internal /external flow passage geometries. 

This report was prepared by investigators with prior experience 
primarily in the field of turbojet and turbofan engine component re- 
search and development. The study itself was conducted with substan- 
tial and candid cooperation of numerous specialists in propulsion system 
application and integration as well as many individuals productive in 
computational fluid mechanics- The authors take responsibility for the 
accuracy of the content of this report, but at the same time must ac- 
knowledge the excellent guidance and data supplied by the government 
and industry personnel who were visited and consulted. 
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V/STOL PROPULSION SYSTEMS - CURRENT TECHNOLOGY 

Vertical and short takeoff and landing aircraft concepts (with the 
exception of the helicopter) have been under intensive study for only 
about fifteen years . Earlier research and prototype development was 
not commercially or militarily conclusive. Even during the past ten 
years a substantial amount of the reported work has consisted of paper 
studies and feasibility analysis not supported by experimental demon- 
stration. In the unclassified literature studied in this investigation, 
summary papers published by the National Aeronautics and Space Admini- 
stration, for example, in 1971 [l] and 1972 [2], review activity in the 
United States, while additional programs have been described in AGARD papers [3], 
Mlinzberg [4] , and Korbacher [5] . An overview of the VTOL situation by 
Pavlenko [6] gives a good comparative evaluation of western technology 
and at the same time gives some idea of Soviet internal programs. 

Because of the high degree of aircraft propulsion system integration as- 
sociated with most V/STOL design concepts, it is not easy to produce a 
list of documents related primarily to V/STOL propulsion, but Pavlenko 
[6] and Sanders et al . [ l] probably represent the best of the reviews 
available . 

Definition of the Internal and Mixed Internal /External 
Flow Problems Associated with V/STOL Propulsion 

The present study is intended to concentrate mainly on V/STOL 
lift/thrust-vectoring/propulsion systems and more specifically on aero- 
dynamic features of those systems which are substantially different 
from those of conventional air-breathing propulsion systems. Some 
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elements of the proposed V/STOL propulsion arrangements call for and 
have resulted’ln initiation of new research efforts. Other elements 
call for but do not appear to have resulted in new research. 

The propulsion engines used in current V/STOL aircraft concepts 
almost invariably have at least two of the following three functions. 
They may be used to generate the conventional forward or reverse thrust 
component, to provide some or all of the vertical or lift force compo- 
nent, or develop a force component needed for aircraft control or sta- 
bility. While nearly all installations have two of these functions, 
some involve all three. The aircraft concepts considered in this study 
to be V/STOL systems all fall in the class which some observers have 
called "powered lift" concepts, in xdiich the fluid momentum developed 
by one or more of the engines is used as a means for producing the lift 
force needed for V/STOL performance. The dual- or triple- function char- 
acter of V/STOL propulsion engines leads directly to added overall 
lift/thrust-vectoring/propulsion system complexity. This complexity is 
often evidenced by the presence of additions and extensions to the con- 
ventional engine flow path in the form of ducts or energy transfer sys- 
tems. These additions and extensions carry a significant fraction of 
the total propulsion system gas flow, and their performance has an im- 
portant influence on propulsion system and aircraft performance. 

In this subsection a few arbitrarily selected examples are used to 
demonstrate or define what is meant by the terms internal and mixed in- 
ternal/external flow problems as used in this study and to suggest some 
boundaries on the geometric and flow variables contained within these 
problems . 
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The AV-8A and AV-16 class attack aircraft use a single turbofan 
engine to develop powered lift VTOL capability, forward/reverse thrust 
and control/stabilization force vectors. In order to realize all of 
these functions the various engine models used in this aircraft family 
have involved a niimber of flow path variations as described by Kiing 
[ 7 ] . In the present investigation the flows in these variations are 
classed as mixed internal /external flows because the passage flow 
boundary conditions are determined in part by the flow external to the 
aircraft . 

In the augmentor-wing powered- lift research aircraft evaluated by 
NASA and de Havilland Aircraft of Canada [8,9,10], as well as the XFV- 
12A ejector thrust- augmenter fighter [ll] now under development for 
the Naval Air Systems Command, the augmentation systems again represent 
mixed internal /external flow field problems, but in the NASA-de Havil- 
land aircraft extensive crossover and bypass transfer systems may be 
considered as purely internal flow problems. Figures 1 and 2 show the 
general layout of the augmentor-wing engine and flow transfer system, 
as well as a schematic drawing of the wing and ejector for the NASA- 
de Havilland aircraft. Figures 3 and 4 give an excellent idea of the 
internal complexity of the transfer system of the XFV-12A aircraft and 
suggest the comprehensive quantitative estimates of losses which are needed 
in development of a flight prototype. 

Remote lift fan V/STOL configurations, for example those studied 
by Eldridge et al. [ 12] , Knight et al. [ 13] , and Cavage et al. [14,15], 
generally have included extremely complicated internal flow transfer 
ducts as well as internal /external flow geometries associated with the 
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gas generator engines. Thrust-vectoring nozzles for the gas generators 
have been generally included as a major element of these aircraft con- 
cepts. 

Flow in V/STOL Transfer, Augmentation, and Thrust-Vectoring 
Systems and Requirements for Design Analysis Methods 

The transfer duct, augmentation, and thrust- vectoring arrange- 
ments proposed for V/STOL propulsion systems will be critical to suc- 
cessful aircraft performance. They will be significant in terms of 
weight and occupied fuselage and wing volume. These facts have been 
recognized by most system designers and analysts xdio have reported on 
their work. Ducts, inlets, ejectors, and nozzles will also be impor- 
tant in terms of irreversibilities in the flow process and lost thrust. 
While neither problem appears in any sense to be insurmountable, it 
will be essential that careful and comprehensive preliminary optimiza- 
tion studies be made . 

It is indicated that the internal flows will be compressible and 
turbulent, typically in the lower subsonic regime with Mach numbers 
under 0.5. The transfer system ducts will include asymmetric cross- 
section transitions, short-radius bends, offset bends, side holes, 
branches, and other interesting geometric variations. Initiation of 
transfer system flows is shown in proposed arrangements to occur in 
non-symmetric collectors located in the vicinity of fan, compressor, 
and turbine exit planes. Termination occurs in similarly non-standard 
flow distribution passages, including wide-angle diffusers, slots, 
vanes, and nozzles. In these seemingly unavoidable geometric variations. 
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there obviously appear the most difficult elements of the transfer sys- 
tem flow field analysis problem. 

Where internally blown flaps, augmentor-wing or ejector- thrust aug- 
menter systems are used, turbulent mixing occurs in a combined internal/ 
external flow environment. Optimization of geometry for these compo- 
nents has been highly empirical up to the present - 

Present Availability of Design Analysis Methods 

For many years fluid system designers in aeronautical and aero- 
space applications have followed two parallel paths in internal flow 
passage design. With the exception of some axisymmetric and other geo- 
metrically two-dimensional inlet, diffuser, and nozzle flow paths and 
of the flow passages immediately adjacent to and internal to the com- 
ponents of turbomachinery (compressors, turbines, pumps), almost uni- 
versal reliance has been placed on one- dimensional flow pattern analysis 
guided and supported by semi-empirical corrections and adjustments. 

These corrections and adjustments have been collected, correlated, or- 
ganized, and systematized by numerous sources, for example Turner and 
Yoos [16J, Kelnhofer and Smith [17], North American Rockwell [ 18j , Miller 
[19], and Ward-Smith [ 20] . The enormous variety of geometries encountered 
in internal flow passages and the important influence of boundary condi- 
tions make general correlation impossible. As a result, justification 
exists for experimental evaluation as a concurrent feature of flow pas- 
sage design. Experimental evaluation has taken many forms, including 
simulation using analog (water tables, conductive field platters) and 
scale models as well as full-scale prototype studies. 
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PROPULSION SYSTEM COMPONENT FLOW MODELING- TRENDS AND EXPECTED PROGRESS 


The overall problem of propulsion system component aerodynamic per- 
formance estimation for aircraft has received a significant amount of 
attention during the past 25 to 30 years. Progress has been made, and 
major advances in component technology have resulted. The advances 
have frequently been associated with development of realistic computa- 
tional flow models combined with increased capability in using the 
models rapidly and economically after they have been developed. 

However, in computational flow field modeling, research is still 
a vital requirement. Much progress has been concentrated in computa- 
tion of design point flow fields and in selection of a good geometric 
component configuration for design operating conditions > but numerous 
unresolved problems remain. This is very evident in compressor and 
turbine flow computation. Computational studies have failed to pre- 
dict or identify numerous off-design aerodynamic performance problems. 
General computational flow modeling methods used for design and perfor- 
mance estimation have been singularly unsuccessful in this regard, and 
most of the useful analyses of special performance problems such as 
compressor surge, rotating stall, and inlet distortion effects have 
been based on restricted models. Very few of these have genuinely 
contributed to current design methods. Similar conclusions may be 
reached and justified in the case of non- rotating components (inlets, 
combustors, nozzles, ejectors) . 

Even without the imminent and general trend toward more complex 
aircraft propulsion cycles, compounded by the special requirements out- 
lined above for V/STOL lift/ thrust-vectoring systems, applied research 
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on component computational flow modeling, backed by more fundamental 
supporting work in applied mathematics and fluid mechanics would be 
called for. In view of the trends, an expanded effort is required. 

E!J-einents of the Flow Modeling^ Problem 

In two Interim Reports submitted in connection with the current 
program [21,22], the internal or mixed internal/external flows in in- 
lets, transfer systems, nozzles, and ejectors of V/STOL aircraft con- 
cepts were described, and bibliographic material was assembled to am- 
plify these descriptions. In this Final Report similar consideration 
is divided into fluid dynamic, mathematical, and geometric aspects of 
the problem. 

Fluid Dynamic Considerations 

In examining the nature of the flow field problems under study, 
it might seem repetitious to again call attention to the fact that they 
are all partially internal flow problems. However, this is not trivial 
because the internal flow computational problem presents unique and de- 
manding features rarely accommodated by and often completely outside 
the range of capability of external flow computation systems. The 
problem flows are compressible but do not often involve regions of 
transonic and supersonic flow. The flows are turbulent , and, although 
steady- flow operation is of interest and probably initially of over- 
riding importance, it would be most useful to be able to evaluate the 
effects of flow disturbances on the flow field and system performance. 
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Zones of separated flow seem unavoidable in inlet, transfer system, 
nozzle, and ejector configurations. Because flow separation zones and 
their boundaries are basically unstable and unsteady in character, this 
characteristic of the expected flow field is of unusual concern. 

Along with the phenomenological nature of the flow the aerodynamic 
requirements of the problem need to be understood. First in importance 
is the capability to predict total pressure loss and overall system ir- 
reversibility for the complete operating flow range required. To iso- 
late the important sources of irreversibility a loss component break- 
down of the overall performance should be available. Second, as an aid 
to optimization, internal flow field descriptions should be as complete 
as possible. 

Mathematical Considerations 

The overall internal flow field problem outlined above is mathe- 
matically overwhelming. The components and systems are physically 
large and interconnected. For these subsonic but compressible flows, 
flow field computation calls for boundary value specification. This 
is another non-trivial observation, made because of the numerous un- 
satisfactory and meaningless results generated in solution of problems 
where the boundary conditions were oversimplified in order to realize 
any results at all. 

Geometric Considerations 

Highly interactive with mathematical and fluid dynamic aspects of 
the transfer system problem are the geometric elements. The specific 
geometries which have to be considered in eventual solution of real 
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problems are complex to an almost unbelievable degree. As mentioned 
above, asymmetric cross sections, cross-section transitions, short- 
radius bends, offset bends, side holes, and branches are the rule, not 
the exception. Manifolds are common, and surface discontinuities appear 
in many proposed layouts. 

It is in this area of geometry that a side-by-side comparison of 
existing flo\^ computation work and proposed aircraft concept hardware 
shows the greatest divergence between capability and reality. 

Status of Computational Fluid Dynamics as Related to 
Internal Flow Problems 

In an Interim Report [2l], emphasis was placed on a general review 
and comparison of the approach to design/analysis in turbomachinery as 
a field related to the problem at hand of duct flow analysis involving 
detailed computational fluid dynamical analysis. It was observed in 
that review that analysis systems for turbomachinery and the associated 
annulus flows have been partially empirical due to the complicated geo- 
metrical features of the problem and to the practicalities of incorpo- 
rating necessary real fluid effects. Recent developments have brought 
the high-speed computer into the picture, particularly in the last ten 
years; however, empirical input to analysis and design systems for tur- 
bomachinery has remained an essential factor. 

Turbomachinery flows involve configurations which are, for the 
most part, geometrically axisymmetric . Although flow models of past 
years have often assumed axisymmetric flow for computational conve- 
nience [23-28], the real flows are not axisymmetric [29], and approaches 
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to the resulting three-dimensional flo^w are in progress [30, 3l] although 
few results are available. The requirement for empirical input appears 
to remain in these advanced studies, and it continues to exist in the 
form of means for accounting for the effects of interacting blade and 
wall geometries on flow direction and the generation of losses. 

Recently complex problems in a wider range of internal fluid dy- 
namics have been studied using large, high-speed computers employing 
numerical techniques to solve the governing equations. As is the case 
with turbomachine flows, the solution of any of these flow problems 
must satisfy the continuity, momentum, and energy equations. Since 
these equations are highly nonlinear, there is no general method of 
solution for arbitrary initial and boundary conditions, and exact or 
so-called classical solutions exist only in special, simplified cases. 

In general, approximate methods of solution must be resorted to, and 
the computer is used to exercise the approximating difference equations 
in repetitive and iterative fashion to converged and, hopefully, accu- 
rate solutions. Although in a few specific cases the equations of 
fluid dynamics have been solved in closed pr at least approximate form 
with results that are valuable in understanding flow phenomena, the 
vast majority of fluid dynamic problems must be approached in approxi- 
mate fashion. Solutions must be obtained by alternate and adaptive 
means, employing high-speed computers for numerical solution of the 
fluid dynamic equations. The two factors, of course, which have fos- 
tered such development have been the development of computers them- 
selves and the development of modeling and mathematical techniques that 
transform the basic differential equations into suitable form for nu- 
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merical analysis. The attendant and vital concerns of numerical sta- 
bility and accuracy of solutions have grown along with the applications 
of computational fluid dynamics. That is, approximate equations run 
the danger of niimerical instabilities that obscure the accuracy and may 
also fail to realistically exhibit instabilities inherent in the flow 
itself. 

Two major differences between the more general computational fluid 
mechanics work and the restricted computation of turbomachinery flow 
stand out. The more general efforts reduce the empirical input required 
to a significant extent. The most interesting of these require little 
more than a ** turbulence model,** that is, a semi- empirical or empirical 
basis for computation of turbulent shear stresses. This is a distinct 
advantage. The second difference lies in the geometrical complexity 
of the test cases and of the apparent potential for handling complex 
geometries. The most attractive current programs deal with example 
geometries that, while challenging, are not in any degree as complex 
as a typical compressor or turbine. In this sense, the geometry of a 
V/STOL transfer system and/or augmentation configuration appears to be 
closer to a turbomachine in complexity than to the relatively simple 
curved ducts and flow passages used as computational examples in the 
general solutions. To utilize the presently competitive general com- 
putational flow models for more complicated passage shapes would add 
enormously to the computational costs as well as to the demands upon 
the flow model itself. 

During the past several years a series of publications have ap- 
peared which do a genuinely good job of summarizing progress in compu- 
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tational fluid mechanics. These include a book by Ro ache [32] and 
papers or monographs by Harlow [33], Orszag and Israeli [34], Launder 
and Spalding [35], Smolderen [36], Butler [37], and Krause [38]. The 
approach to turbulence modeling has been discussed critically by Brad- 
shaw [39], Launder and Spalding [40,41], and Huffman et al. [42]. 

The computational problem for turbulent internal flow has received 
more limited attention than might be expected. Some good examples from 
vdiich conclusions may be reached about present capabilities are found 
in the reports of Anderson [43,44] , Briley [45] , McDonald and Briley 
[46,47], Launder and Ying [48], and Patankar et al. [49] . 

In the case of external flow computation, geometries of consider- 
able complexity have been used as test cases for both inviscid and vis- 
cous flow fields. Generally, however, the boundary layer computation 
has been a special subelement of the field determination process. Some 
of the useful docxmientation in this area appears in work by Hess and 
Smith [50], Hess [51,52,53], and Beatty [54]. 

Turbulent boundary layer work is of Interest because of the tur- 
bulence modeling approaches used. Blottner [55], Mellor and Herring 
[56,57], Albers and Gregg [58], McDonald and Kreskovsky [59], and 
Caretto et al . [60] have worked on important elements of this portion 
of the overall problem. 

A possible set of conclusions from examination of the present 
status of computational activity in fluid flow is as follows: 

1. The programs which determine inviscid flow fields for inter- 
nal flow have been applied to a limited number of flow path 
geometries. Results may have value in establishing first 
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trial initial conditions for a complete flow field analysis. 
For most internal flows of interest in V/STOL applications, 
iterative solutions involving separate boundary layer and 
core flow computations appear to have little or no potential. 

2. Complete flow field models have produced inconclusive results 
up to the present, but the outlook for the future is encour- 
aging in modeling turbulent flows in internal flow passages 
of relatively simple geometry. 

3. Computational flow modeling of complex geometries, mixed 
internal/extemal flows and general unsteady flows is not 
likely to be achieved in a matter of a few years. 
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RECOMMENDED PROGRAM EXTENSION AND DEVELOPMENT 


In review of the current status of V/STOL lift/ thrust-vectoring/ 
propulsion system technology, it is apparent that although a large 
number of the obvious internal and external aerodynamic problems have 
received preliminary study, an equally large number of problem areas 
have received little or no attention. In studies of V/STOL aircraft 
concepts, such problems are often unintentionally hidden within the 
complexities of the overall study. In the subject matter field of 
this report, duct flow analysis methods, there is clear evidence that 
the degree of success achieved by most V/STOL aircraft schemes, if not 
the question of success versus failure, will be strongly influenced 
by optimization of duct systems on the basis of both aerodynamic per- 
formance and weight. Yet in many design concept studies, the duct 
systems are shown only as lines on a schematic diagram, with little 
or no discussion of the engineering techniques used to account for 
these ducts in the overall aircraft system performance estimates. 

On this basis recommendations for program extension and develop- 
ment in three areas are outlined in the following subsections. The 
three areas cover a broad range of engineering activity. As a result, 
it is an essenti£il first requirement that communication be established 
and maintained between the individuals and organizations working on 
the most fundamental and most applied aspects of the problem as wel I 
as those who occupy the middle ground. 
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Requirements for Research in Computational Fluid Mechanics 


Activity in the field of computational fluid mechanics has in- 
creased substantially throughout the world in recent years. Many pro- 
grams identified as falling under this ’’umbrella" title are relatively 
new and show evidence that the investigators are not yet clear about 
their objectives. At the same time these programs frequently have con- 
siderable potential for contributing to mixed internal/extemal flow 
passage analysis in the intermediate- to long-term future. At present 
it is the conclusion of the authors that no research program in compu- 
tational fluid mechanics should be viewed as an effort with the poten- 
tial for application to general V/STOL system design during the next 
one- to five-year period, 

A current research requirement exists for computational fluid me- 
chanics studies which are clearly unrestricted in terms of possible 
future application to internal flow problems or to mixed internal /ex - 
ternal flo w problems. Flow models must be such that there is no char- 
acteristic introduced which would rule out internal flow cases. Al- 
though for external aerodynamics, inviscid flow analyses can be of some 
value, there are few instances in internal flow where a purely inviscid 
flow field model is useful. In fact, the current review demonstrates 
that the incorporation of effective accounting for viscous effects, 
emphasizing improved turbulence modeling should be considered as one 
of the more important problem areas. 

Another subelement of the computational problem which requires 
careful evaluation is the development and utilization of numerical 
methods for flow field solutions. At present, serious questions may 
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be raised about the demonstrated capabilities in this area both as to 
quality of solution and cost of solution for meaningful problems. 

Application of interactive computer graphic techniques in all 
-phases of flow modeling should be carefully monitored. 

Requirements for Application"" Oriented Design- Analysis Methods 

There is an immediate requirement for improvements in design anal- 
ysis methods for internal and mixed internal/external flows, with these 
improvements based on existing calculation systems and improved data 
correlations. There is a strong probability that V/STOL system concepts 
are not being comparatively evaluated on a consistent basis. Even in 
cases (and there are many such cases) where one-dimensional design anal- 
ysis methods for duct flow and external flow are used, there seem to be 
differences of opinion and procedure. 

As observed in the preceding subsection, genuinely general three- 
dimensional computational approaches to the problem of turbulent inter- 
nal flow can at best be expected to lie somewhere in the intermediate 
(not immediate) future. However, some of the current research in com- 
putation of internal flows is genuine, if not general. Specifically, 
some of the research groups and individuals have a clear understanding 
of the problems which need to be solved. Some do not. An effort 
should be made to clarify the objectives of the application-oriented 
programs . 


166 




Requirements for Supporting Experimental Data 


Experimentally oriented programs on thrust augmentation systems 
and related configurations have been reported from several sources 
[61-67] . Fundamental flow field measurements from similar projects 
will be needed to confirm computed performance estimates and to aid in 
optimization. 

NASA integral and remote lift fan experimental work has been well 
coordinated with analysis [68-78] . The work should be continued. 

Computational studies of internal flow should be coordinated with 
measurement of flow field characteristics in geometries that are sys- 
tematically selected to challenge but not overwhelm the capabilities 
of the computation system. There is not a great deal of reliable data 
available for this purpose at present. 
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ENGINE FOR AUGMENTOR WING AIRPLANE FROM SANDERS ET AL. (1971) 


AUGMENTOR-^ 



Figure 1(a). Typical augmenfor wing aircraft turbofan Installation. 
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AUGMENTOR WING ENGINE INSTALLATION 
FROM QUIGLEY AND VOMASKE (1972) 



DUCTS 

Figure 1(b). Typical augmentor wing aircraft' furbofan instal lotions . 
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OUTER DUCT 



Figure 2. Details of an augmentor-wing flap geometry from Quigley 
and Vomaske (1972). 
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Engine Airflow 
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Columbus Aircraft Division, Rockwell International Corporation). 



EFFICIENT DUCTING TO AUGMENTERS 

BASED ON F-401 DATA 



178 


Figure 4. Genera! arrangement of transfer system ducts showing estimated average 

losses (courtesy of Collumbus Aircraft Division, Rockwell International Corporation). 
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DESIGN & DEVELOPMENT OF A HOVER RIG FOR MODEL TESTS 
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Bethpage, New York 11714 


ABSTRACT 

A multi -jet hover test rig has been developed at Grumman to aid in evaluating 
new V/STOL configurations and to provide experimental support in developing theo- 
retical prediction techniques. The rig is based on an air supply ordinarily used to 
power high-speed wind tunnels. Models of 1/8-scale V/STOL aircraft can be tested 
at nozzle pressure ratios in excess of 3. 0. Results of tests using this facility have 
shown good agreement with large-test-section wind tunnel tests. The rig is easily 
adaptable to tests using hot gas with simulated inlet suction and forward speed. 

INTRODUCTION 

When a multi-jet V/STOL aircraft, such as that shown in Fig. 1, hovers close 
to the ground, significant aerodynamic forces are induced on the aircraft. These 
induced forces are caused by the entrainment of surrounding air by the free jets 
and spreading wall jet. The airflow caused by entrainment creates negative pressures 
on adjacent surfaces, which are usually the undersides of the aircraft. 

Additionally, for multi-jet aircraft hovering close to the ground, a fountain 
can form between adjacent jets (Fig. 1). The fountain impinges on the underside 
of the aircraft and some of the fountain momentum is transferred to the aircraft. 

The combination of fountain force upward and entrainment induced force or "suckdown" 
determines the net force on the aircraft. 

The aircraft designer must know during the design stage what the in-ground ^ 
effect characteristics of his aircraft are going to be. He can be faced with a multi- 
tude of configuration variables yielding widely different results. Figure 2, for exam- 
ple, shows the variations of the induced -lift parameter ( AL/T) as a function of 
height above ground (h/b) obtained on different configurations. 

Reliable theoretical prediction techniques are not yet available when more than 
two jets are involved and when configuration refinements such as strakes, nozzle 
aspect ratio, and nozzle toe-out angle are involved. For this reason and to better 
support internal methodology development efforts, Grumman undertook the develop- 
ment of a hover test rig. The test rig permits the experimental evaluation of ad- 
vanced V/STOL configurations and provides important test results to assist in 
developing new analysis tools. 

FACILITY DEVELOPMENT 

Initially, consideration was given to using the Grumman 7x10 wind tunnel for 
hover testing. However, the model would have to be quite small to avoid interference 
from the tunnel walls. After a brief review, this approach was ruled out. 

A 1/8-scale V/STOL model was tentatively selected and a required mass flow 
of 11.5 Ib/sec was established to obtain critical nozzle flow in a typical V/STOL 
model having convergent nozzles. For economy and expediency, the development 
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tape before being printed and plotted. A real-time display allows the system oper- 
ator to establish and monitor key parameters during a run. 

Figure 8 is an overhead view of the test installation showing a test plenum and 
the 16- X 16-ft platform. 

Figure 9 is a closeup view of the plenum showing the installation of a 16-tube 
total-pressure rake mounted on a front nozzle. This is part of a nozzle calibration 
procedure where an upstream pressure-drop plate is adjusted until desired exit total 
pressure conditions are obtained. Each nozzle is precalibrated in place on the plenum, 
and its thrust is related to a measured plenum total pressure. In this way known 
nozzle exit conditions can be re-established during a test run by setting the appro- 
priate plenum conditions. 

A final check on the distribution of flow between nozzles is made with a ground- 
plane oil-streak pattern. Such a pattern is shown in Fig. 10 for a cluster of four 
equal thrust nozzles. The symmetry of the pattern indicates proper operation of the 
nozzle group. 

A complete V/STOL test model is shown in Fig. 11. This is Grumman Design 
607A, a lift-lift/cruise configuration. This model features adjustable control sur- 
faces, removable lifting surfaces, and nozzles that can be swiveled fore and aft 
and toed outward. The load points shown in the illustration are hard points on the 
model shell where weights are suspended to check the calibration of the strain-gage 
balance and to verify internal clearance between the model shell and plenum. Also 
shown in Fig. 11 is a total-pressure rake used to measure jet-decay properties. 

TEST RESULTS 

Typical jet-decay and jet-spreading characteristics of two adjacent free jets 
are shown in Fig. 12. Similarly, wall-jet total-pressure profiles were obtained 
(Fig. 13). These free-jet and wall-jet results have been used in Grumman's 
methodology programs to establish analytical models of the jet flow field. 

Force and moment results fi’om the hover test rig have shown good agreement 
with lai’ge -test- section wind tunnel tests. Figure 14 compares tests on two identical 
models of Design 607A. The wind,tunnel tests were conducted for Grumman by the 
British Aircraft Corporation in their 5. 5-meter wind tunnel. 

Figure 15 illustrates the effect of pressure ratio on jet-ind\iced lift. Here, 
the higher pressure ratio tests exhibit less suckdown than the low pressixre ratio 
tests. A similar result has also been obtained by others. 

An example of the effect of small configuration changes is shown in Fig. IG. 

Here, a mere 5 -deg increase in nozzle toe-out angle produced a 2% reduction in 
suckdown close to the deck. This reflects itself as a 7% increase in mission fuel 
for a V/STOL aircraft having about 32, 500 lb of takeoff thrust. Tlie increase in 
suckdown of 1% at h/b greater than 0.4 is an acceptable penalty. 

TEST RIG IMPROVEMENTS 

Now under study is a plan to extend the capability of the test rig to include hot 
exhausts and cold inlet suction. Figure 3 shows the proximity of the pebble-bed 
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heater, which represents a controlled hi^-pressure hot-air source. Similarly, 
the nearby vacuum line could be tapped to provide inlet suction. The test site is 
nearly completely enclosed on three sides. For hot-gas reingestion tests, it would 
be necessary to complete the enclosure so that the disturbance-sensitive inlet 
temperature rise measurements could be made. 

Also under study is the design of a low-velocity rectilinear airflow system 
using air from a nearby wind tunnel exhaust pipe. The proposed concepts are 
illustrated in Fig. 17. All the elements for a greatly improved test capability are 
available. It is now just a matter of putting them together. 
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Fig. 2 Jet-Induced Lift In Ground Effect 
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Fig. 3 Grumman High-Speed Wind Tunnels 


184 





FEEDBACK IJl — 

LOOP SERVO 

► VALVE 

TURBINE 

FLOW 

METER 


• BOTTLE BANK 
AIR STORAGE 

• 1200 CU FT, 
2850 PSI MAX 


MANUAL 

VALVE 


1ST STAGE 

• MANUAL INPUT 

• SET INITIAL 
PRESSURE 



5-STAGE COMPRESSOR 
1.25 LB/SEC 


PRESSURE 

TRANSDUCER 


SERVO 

VALVE 


FEEDBACK 

LOOP 


MANUAL 

VALVE 


2ND STAGE 

• MANUAL INPUT 

• SET PRESSURE 
AT MODEL 


12 LB/SEC 
FOR 20 MIN, 
CONTINUOUS 

7 HOVER TEST RIG 



Fig. 4 Hover Test Rig Air System 
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Fig. 6 Hover Test Model Internal Arrangement 
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Fig. 10 Ground Plane Oil Streaks 
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Fig. 11 Hover Test Model, Grumman Design 607A 
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Fig. 12 Free-Jet Pressure Decay 
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Fig. 13 Wall-Jet Total Pressure Profile 



O GRUMMAN HOVER TESTS 
□ BAG WIND TUNNEL TEST 



Fig. 14 Comparison of Hover Test Rig Results with BAG Wind Tunnel Tests 





HOT HIGH-PRESSURE AIR FROM SUCTION PIPE TO VACUUM 

PEBBLE BED HEATER HOT EXHAUST SPHERE - INLET SIMULATION 



Fig. 17 Proposed Test Rig Improvements 
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JET EFFECTS. IN .HOVER 
OF A VTOL AIRCRAFT MODEL 
USING WATER AS A TEST MEDIUM 


D,. J. RBNSEIAER and R. J. OBERTO 


Rockwell International 
Los Angeles Aircraft Division 


ABSTRACT 


A water basin test facility was established capable ol assessing VTOL 
aircraft ground effects in hover. Trend data can be generated with it 
quickly and inexpensively, suitable for preliminary design support. 

Data of lift and reingestion characteristics as derived in this facility 
are given for a twin lift fan VTOL transport design showing the benefits 
of strakes on the fuselage bottom and showing the adverse effect of bank 
angle and roll control on the lift characteristics. 
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INTRODUCTION 


The purpose of this paper is to describe a small and inexpensive model test 
facility for the determination of first order ground effects in hover of VTOL 
aircraft, using water as a test medium, and to describe some of its test re- 
sults regarding aerodynamic interference and reingestion characteristics of 
a recent twin fan VTOL aircraft design. 

The test facility was generated specifically for preliminary design support 
because already during early design stages of VTOL aircraft, it is extremely 
important to have an assessment of ground proximity effects on the aircraft 
characteristics in hover. 

Ground proximity reflects itself in four basic areas. Firstly, there is the 
change in aerodynamic lift due to power Interference effects. Often this re- 
sults in a lift loss near the ground, and a greater thrust- to-weight ratio 
may have to be designed into the aircraft to compensate for their loss. 
Secondly, exhaust gases from the power units are redirected or reflected by 
the ground, resulting in foreign object damage and hot gas reingestion with 
subsequent power loss. Thirdly, the back-pressure at the exhaust of the 
power unit is increased, resulting in a different thrust characteristic and 
perhaps in an increased possibility of blade stall. Also, ground proximity 
usually results in rolling moment disturbances when the aircraft is banked 
or when roll control is applied. Frequently, the roll control power de- 
creases and the aircraft becomes unstable in roll. 

In all four of these basic areas, adequate estimating procedures do not exist 
for preliminary design purposes, whereas wind tunnel tests are generally ex- 
pensive on account of the required power units. Thus, sucl'i tests are likely 
limited to designs tliat are fairly well advanced, and the designer is faced 
w 1. 1 1 1 ma k i n g as s urn p t i o n s i n e a r 1 i. e r d e s i g n pi i a s e s . 

In order to prepare a basis to improve the quality of these assumptions, this 
test facility was established a few years ago suitable for trend data and 
using water as a test medium instead of air. This test facility can give 
qualitative answers inexpensively and quickly enough to be suitable for pre- 
liminary design support when major configuration changes are being considered 
in rapid succession. 

Use of water is particularly suitable for inexpensive qualitative testing for 
the following reasons. 
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.1 and no model motors are required because: 


be replaced by pipes carrying pressur- 


be used while the model forces and 
number are still adequate. 

> be ^’engineered’' for safety requirements 
.nvolved in the test medium are low and 


s only to be small and the test instru- 
rude because the models are small and 
and moment levels need to be measured. 

been used in the past to obtain interference ef- 
aircraft lift and on rolling and pitching moments. 
X.X tan aircraft configurations were published in 
References i through 3. References 2 and 3 also compare test results ob- 
tained with water in this facility with test results obtained by NASA using 
air for simpler models of identical shape. These tests indicated the val- 
idity of water for trend analysis. 

The present analysis shows data of a more recent test series; that of a twin 
fan VTOL aircraft. In addition, for the first time in this test facility, 
reingestion was measured, although crudely, and in line with the purpose of 
obtaining trend data only. Force data obtained with this model are compar- 
able to those given in Reference 5, but the present document adds a compre- 
hensive investigation as to how to increase the lift near the ground. 

However, the remaining major ground effects related to back pressure effects 
and foreign object damage, are not discussed in the present document. 


DESCRIPTION OF MODEL AND TEST FACILITY 

A photograph of the general test facility is presented in Figure 1, showing 
the water basin as a round container of approximately 5 feet diameter and 
wall height of about 2 feet. Figure 2 gives a view into the container with 
the model installed, but prior to adding water. The bottom of the container 
has a plexiglass window to facilitate flow visualization. The model and all 
associated plumbing for water jets and suction pipes, as well as all measuring 
systems are attached to a framework above the water basin. The height of 
the model in relation to the bottom of the basin can be varied by moving the 
entire framework up or down by means of four jackscrews. The bottom of the 
container is used as the ground plane for level aircraft attitudes. A false 
bottom with inclination is used to simulate pitch or bank. 

Engine exhausts are simulated by water jets. The exhaust thrust is measured 
by scales as indicated in Figure 3a. The model forces can be measured inde- 
pendently of the exhaust thrust, yielding the interference forces due to 
power. 
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The plumbing schematic is presented in Figure 3b. The schematic shows a 
system for exhaust flow to generate thrust, and a suction system to measure 
reingestion characteristics. The container is indicated by letter A. The 
model is shown by letter B. Tap water (C) is used to fill the container to 
approximately 18 inches of water through the filler pipe D. A motor with 
centrifugal pump E is operated to pressurize plenums F and to feed the ex- 
haust pipes J at the model. The exhaust pipes represent lift fans as well 
as pitch control pipes. 

If reingestion characteristics are to be analyzed, a certain amount of pellets 
are deposited in the pellet filler cage H and subsequently transferred to the 
injection cage I. At desired time, a plunger in the injection cage is moved 
manually so that all pellets are injected into one main exhaust pipe and re- 
leased at its nozzle opening J. Pellets are subsequently ingested into the 
suction system at the inlets K. These inlets represent fan flow inlets as well 
as gas generator inlets. The pellets are collected by screens in cages L. 

The cages are emptied by back flushing with tap water from C while the motor 
E is stopped. When the pellets emerge at K during the back flushing, a net 
is placed manually around the openings K which traps the pellets previously 
ingested and their number can then readily be counted. The remaining pellets 
still suspended in the water of container A are, at times, collected by the 
water vacuum cleaner M. 

A photograph of the model, with 12 inch span and immersed in water, is pre- 
sented in Figure 4. The model is suspended via force measuring scales at the 
fuselage nose and at the wing tips,. The model is that of a twin lift fan 

aircraft with a fan located in each wing root and each are simulated by a 

water jet. The model has also a pitch pipe in the front and rear portion of 
the fuselage. All exhaust pipes are attached to a force measuring scale to 
set each exhaust at preselected thrust values. There are two inlets at the 
front of the fuselage, simulating gas generator inlets. In addition, two 
main inlets exist, one at each wing-body intersection, representing the main 
fan inlets. Each inlet has a cross shaped flow straightener to counteract 
the formation of an inlet vortex. Also, the main exhausts have a flow 

s t r a i. g 1 1 1 e n e r , F i g u r e 5 . Th 1. a 1 1 e r a r e i. mc^ d at a c h i e v i n g a more s y mme trie 

exliaust flow field. Detail dimensions of tlie model are given in Figure 6. 


DISCUSSION OF TEST RESULTS 

In tills section, a sample of data outputs from the test fiicility are given 
pc^rtaining to the twin lift fan V/STOL aircraft of Figure 6. Lift and rein- 
gestion ciiaract eri s t ic s are given, but no rolling and pitching moments are 
presented here. However, moment characteristics can also be analyzed as 
shown in references 1, 2, and 3. 

Aircraft In Level Attitude 


Model lift characteristics are presented in Figure 7 as a function of height 
above the ground. The lift, L, is the total lifting force, being the sum of 
the exhaust thrust plus the interference forces on the model. The lift is 
non-dimensionalized by the sum of the thrusts of the exhaust. The model is 
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in its ^^basic’^ configuration, i,e., has no devices for a lift increase, and 
in this figure has no pitch nozzles operating. 

The figure shows that a substantial negative interference lift exists. The 
lift loss is a result of flow being entrained into the exhaust flow, and 
while it is entrained., it generates a velocity on the lower wing surface and 
on the fuselage bottom^ In turn, this velocity creates a negative pressure 
causing the lift loss or ^’suck down^’, see insert sketches of Figure 7. Addi- 
tionally, a ”fountain^^ effect exists, generated when the two exhaust flows 
are spread toward each other by the ground.. Where they meet, the flow turns 
upward and generates a positive pressure on the fuselage. However, this 
positive lift increment is not strong enough to overcome the suckdown effects 
in this configuration^ Various different thrust levels are used, showing 
identical results in the non-dimensional form and showing that no scale ef- 
fects exit over the range of thrust levels tested. 

Figure 8 shows an attempt to influence the flow field in such a way that less 
suckdown results. Strakes were placed sideways on the fuselage bottom in 
front and to rear of the exhausts. The idea was to stop some inflow on the 
fuselage bottom by using the strakes as a fence. Additionally, it was thought 
that the fences would generate a sideways flow from the fountain head that 
could stop some inflow from the lower wing surface. Results were only marg- 
inal, with net lift losses existing at fuselage heights less than 4.5D 
(measured from the fuselage to the bottom ground, where D is the inside dia- 
meter of one main nozzle). 

Figure 9 shows the case where the strakes were placed longitudinally. The 
attempt was to operate only on the fuselage inflow by directing the flow 
from the fountain head fore and aft. This attempt resulted in more success, 
with net lift losses limited to a height less than 2,0D for a strake depth 
of 0.77D. Figure 10 elaborates on this idea by trying various different 
strake heights. It appears that there is an optimum height of strakes, in 
the order of 0.6D (Note, that the strakes in this figure are curved, whereas 
in the previous figure they were straight, i.e., flat sided). However, the 
optimum height gives results only slightly different from that of 0.77D. 

Figure 11 shows the effect of wing fences in addition to the above longitu- 
dinal strakes. They gave an unfavorable result, probably because they in- 
crease the local inflow velocity under the wing. Further attempts to operate 
on the inflow on the wing were subsequently abanded and, Instead, flow 
phenomena on the fuselage bottom were concentrated upon. 

The effect of adding sideways strakes in front and to rear of the longitu- 
dinal strakes is shown in Figure 12. In this fashion, the various strakes 
together form a box. Lift loss is completely eliminated for the "optimum" 
strake height, but still exists at a smaller strake height. The hypothesis 
is that the front and rear strakes act like a curtain behind which the 
positive pressures from the fountain head can advance further along a greater 
distance on the fuselage bottom.. Straight versus curved strakes are com- 
pared in Figure 13, with the curved strakes showing an advantage with regard 
to the smoothness of the lift variation with ground height. Figures 14 and 
15 present a variation of width and length of the strake box, showing best 
results for the widest box and showing an optimum length of about 5D. 
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Effect of Pitch and Bank An^le 


The effect of pitch attitude change on the aircraft lift characteristics is 
presented in Figure 16 for the basic configuration and for the case employing 
a strake box* The pitch attitude has relatively little effect except at 
larger ground distance for the case with strake box. It is surmised that the 
fountain head is moving gradually out of the box. Evidence of such a dis- 
placement of the fountain is presented in References 6 and 7. A design 
chart for the amount of displacement is given in Reference 8. 

A similar plot is given in Figure 17 for the effect of a 10^^ bank angle 
change. Here the lift losses are more severe than during pitch attitude 
change. In particular for the case with the strake box installed, it seems 
that the fountain head may move completely out of the box. The minimum lift 
encountered during this bank angle is L/T = 0.86. 

A combination of 7^ pitch with 7^ bank is shown in Figure 18, indicating a 
minimum lift of approximately L/T = .90. 


Effect of Control Application 

Pitch control application has only a minor effect in the case that a strake 
box is employed. Figure 19. A somewhat greater effect is obtained for the 
basic configuration (i.e,, without strakes) , where the pitch exhausts prob- 
ably are instrumental in increasing the strength of the fountain and sub- 
sequently in increasing lift. 

Application of roll control in the wings level condition can decrease the 
lift significantly as Figure 20 shows. It is expected that the fountain is 
moved sideways when the exhaust is unequal, as illustrcited in the inserted 
sketch in the figure (See also Reference 8). This will decrease the effect- 
iveness of the strake box significantly. 


Reingest ion 

The percentages of reingestion of main fan exhaust into tiu' fan inlc'ts and 
gas generator inlets are presented in Figure 21 for tfie aircraft with zero 
pitch control thrusts,. The percentages are the sum of left and rigfit in- 
takes. They are obtained from pellet counts over a time period of less than 
1,5 seconds after ejection of a large amount of pellets from one of the main 
exhausts. The bulk of the reingestion occurs in a much lesser time. It is 
seen that a reingestion of 8% can be expected close to the ground in the 
basic configuration. However, with application of a strake box, the amount 
is significantly less. It is envisioned that the strake box forms a fence 
capable of retarding flow from the fountain head into the fan inlets. Figure 
21 also shows that the gas generator inlets encounter less than 1 % re- 
ingestion. 
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Reingestion characteristics with the pitch nozzle thrust in the full nose 
up control setting are given in Figure 22, Operation of this pitch up con- 
trol increases the reingestion by 2% of the fan exhaust flow, but it has 
negligible effect in the gas generator inlet (not shown) . 


CONCLUSIONS 

A test facility was established where force, and moment trend data as well as 
reingestion characteristics could be assessed using water as a test medium. 
This facility is capable of acquiring these data inexpensively and quickly 
as desired for preliminary design support. 

Lift data are presented for a twin lift-fan VTOL transport at various pitch 
and bank angles and at various pitch and roll control inputs. The basic, 

i.e., unmodified, aircraft has a significant lift loss due to ground prox- 
imity, but strakes were capable of yielding a positive lift increment in 
level attitude by capturing fountain flow. Pitch attitude and pitch control 
changes had a minor effect; however, bank angle changes on roll control 
inputs caused a lift loss presumably due to a loss In the fountain 
effect . 

Reingestion was estimated, on the basis of pellet counts, to be less than 
one percent for the gas generator inlets, 1 % to 4% for the main fan inlet 
for the airplane with a strake box, and approximately 67o to 8% for the 
basic aircraft without strakes, all in close proximity to the ground. 


Ri^FERENCES 

1. '^Lift Fan V/ STOL Flight Control System Development. Flight 
Simulation Model", NASA CR- 114586. 

2. Renselaer, D. J., and Oberto, R. J., "Empirical Aerodynamic 
Ground Effect Data on a VTOL Model of a Gulf stream El Air- 
craft in hover", NA-7-115, Rockwell International, Los 
Angeles A i r c r a f t D i v i s ion , Fe b r ua ry 1973. 

3. Renselcier, D. J., "Description and Test Results of a Water 
Basin to Determine Ground Effect in Hover using Small 

Mo d e 1 s ", A 1 AA Pa e r 7 5 - 1 4 5 , January 197 5. 

4. Renselacn:, D, J., and Oberto, R. J., "The. Rockwell Inter- 
national Water Basin Test Facility - Description, Test 
Capability, Results", NA-74-245, Rockwell International, 

Los Angeles Aircraft Division, April 1974. 

5. Louisse, J., and Marshall, F. L., "Prediction of Ground 
Effects for VTOL Aircraft with Twin Lifting Jets", AIAA 
Paper 74-1167, October 1974. 


200 



6. Hall, G. Ra , and Rogers, K. "Recirculation Effects 

Produced by a Pair of Heated Jets Impinging on a Ground 
Plane", NASA CR-1307^ 1969. 

7. Margason, R. J., "Review of Propulsion-Induced Effects 
on Aerodynamics of Jet/STOL Aircraft", NASA TN D-5617, 
February 1970. 

8. Barron, W. A., and Palcza, J. L., "Jet-Induced Thermal 
Effect for VTOL Aircraft”, ASME 75-GT-96, March 1975. 


201 



FIGURE 1. PHOTOGRAHI OF GENERAL TEST FACILITY 



FIGURE 2. PHOTOGRAPH OF INSTALLATION - TOP VIEW 
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FTGURE 19 . , EFFECT OF PITCH HOZZIiE THRUST 
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VTOL INDUCED EFFECTS IN HOVER 


Matthew M. Winston, 
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ABSTRACT 


The experimental approach is outlined, the test apparatus in the Langley 
V/STOL tunnel static test area is described, and sample results are presented. 
The potential of the technique as an inexpensive tool for preliminary assess- 
ment of jet-induced effects in hover is indicated, and possible refinements are 
discussed. 


INTRODUCTION 


The design of jet or fan-lift VTOL aircraft requires a detailed knowledge 
of thrust losses due to engine installation effects. Typically such losses are 
due to duct-flow phenomena, thrust-vectoring and control -bleed requirements, hot- 
gas ingestion, and exhaust-flow induced effects. The internal flow losses can 
be reasonably well determined from isolated tests. Hot-gas ingestion, at this 
time, appears to be a problem which must be avoided by inlet protection schemes 
and operational procedures. However, thrust- vectoring and control-bleed require- 
ments, and consequently total thrust requirements, can only be determined when 
the jet-induced aerodynamic effects are known. One type of induced loss is due to 
entrainment of ambient air by the jet-exhaust flow resulting in negative pressures 
on the aircraft undersurfaces as iflustrated in figure 1. This condition is 
predominant for all types of jet arrangements hovering out of ground effect and 
also for single and multiple clustered jets hovering in ground effect. For 
multiple dispersed jets hovering in ground effect (as shown in fig. 2), there 
is an additional induced flow phenomena known as the "fountain effect" which 
results from the upflow caused by the merging of individual jets following ground 
impingement. The net induced loads due to entrainment and fountain effects have 
been shown to be sensitive to many variables, and since adequate prediction methods 
are not available, extensive testing is required of each new configuration. This 
paper describes an experimental modeling technique intended to reduce the complex- 
ity and expense of using complete powered models for preliminary hover performance 
studies and gives sample results obtained from two different model configurations. 

A more comprehensive treatment of this subject is given in reference 1. 
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SYMBOLS 


Dg equivalent diameter, diameter of a circle having an area equivalent 

to total jet exit area, m (ft) 

h distance from bottom of model to the ground plane, m (ft) 

induced lift, N (lb) 

T static thrust, N (lb) 


MODEL DESIGN APPROACH AND TEST SETUP 


Past experience has shown jet-induced effects in hover to be heavily 
dependent upon: (1) height above the ground; (2) the ratio of jet-exit area to 
surrounding aircraft surface area (usually expressed as jet area to total plan- 
form area); and (3) jet "quality", a term relating to such factors as turbulence, 
jxit- velocity profiles, dynamic pressure decay rates, etc. It was hypothesized 
that, since these parameters can be investigated independent of fuselage and 
>/ing vertical surface contours, the model airframe can be simulated' by a flat 
Dlate in the shape of the projected planforms as Iqng as the jet efflux 

similarity is maintained. Also, since the induced effects are of primary 
interest, the simulated model should be mounted independently of (but in proper 
relation to) its propulsion system so that only the induced forces and moments 
are measured. The apparatus which was subsequently devised is shown sche- 
natically in figure 3. Air was fed to a large plenum chamber from a high 
aressure supply line. From this chamber, air was supplied to individual propul- 
sion simulators. The supply pressure to each simulator was adjustable through 
nanually operated valves. The flat-plate model was mounted on a sting-supported 
strain-gage balance above the air-supply system with cut-outs provided for the 
propulsion simulators. The cut-outs were sized to provide a 0.318-cm (0.125-in.) 
jap between the plate and each propulsion unit. The effect of the gap on the 
induced loads was subsequently analyzed and determined to be negligible. A 
3.63 m2 (12-ft2) plywood ground board was supported on adjustable jack screws 
ibove the test setup so that pitch and roll attitude variations as well as 
leight variations could be obtained. A photograph of the entire apparatus in 
the Langley V/STOL tunnel static test area is given as figure 4. 
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TESTS 


The test procedure was designed to provide comparisons of induced forces 
and moments between complete powered wind-tunnel models and their respective 
flat-plate representations. The wind-tunnel models had been previously investi- 
gated as part of other research programs, and considerable preliminary testing 
was necessary to ascertain similarity between the jet-efflux characteristics of 
the propulsion units used during the present study and those installed in the 
wind-tunnel models. Having achieved satisfactory jet-exit simulation, the 
models were tested at various heights above the ground at various thrust levels 
for various pitch and roll attitudes. Measurements of induced lift, pitching 
moment, and rolling moments were obtained at each test condition. The measured 
heights from the ground board to the plate surface were subsequently adjusted 
to account for vertical dimensionality of the wind-tunneT models. 


RESULTS 


Comparison of induced forces and moments from the flat-plate tests and 
wind-tunnel model tests are made for two different VTOL configurations. Since 
both configurations had horizontal tail surfaces mounted high on the vertical 
tail, tail-off and tail-on data from one of the wind-tunnel models were 
compared. The results indicated no measurable influence of the high horizontal 
tail on the induced loads. The flat-plate model of this configuration was 
fabricated in the tail-off configuration. The second flat-plate model included 
the horizontal tail in the projected planform area. 


Model 1 Results 

A three-view sketch of wind-tunnel model number 1 is shown in figure 5. It 
represented a lift- fan transport aircraft having two lift fans in pods on each 
wing at the niid-semispan stations and two lift/cruise fans in nacelles at the 
aft fuselage. Figure 6 shows a sketch of the corresponding flat-plate model. 

The podded fans were simulated wnth circular cold air ejectors equipped with 
circular centerbodies to represent fan hubs. The lift/cruise fans were also 
simulated with ejectors, but no centerbodies were required since the efflux at 
the ejector exits was found to be representative of the efflux from the aft fan 
ducts on the wind-tunnel model. A comparison of the induced lift for this con- 
figuration is given in figure 7. The results indicate similar trends over the 
height range, and the flat-plate model closely predicts the height where the 
maximum foutain-effect occurs. The difference in magnitude and direction of the 
induced lift is believed to be partially due to the outboard cant of the fan 
thrust vectors on the wind-tunnel model, a feature which was not simulated on 
the flat-plate model. Previous investigations have shown that slight amounts of 
outboard cant can significantly reduce the positive lift contribution from the 
fountain effect. The need to simulate nozzle cant angle (and possibly wing 
dihedral) points out that, while the flat-plate technique may be comparatively 
simple, attention to certain details is essential to its usefulness. 
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Model 2 Results 


A three-view sketch of model 2 is shown in figure 8. This model represents 
a fighter configuration having a direct-lift engine in the forward fuselage and 
lift/cruise engines mounted on each wing. Figure 9 shows a sketch of the 
corresponding flat-plate model. The propulsion system consisted of cold-air 
ejectors identical to those used on the wind-tunnel model. The induced-lift 
comparison for this configuration is made in figure 10. For heights up to 
four effective diameters, the agreement is good. At greater heights, the 
induced-lift differences of 2 to 4 percent of the thrust cannot be accounted for 
by the anhedral of the wind-tunnel model wing. Also, the differences in induced 
lift do not appear to be- attributable to the height differences of the hori- 
zontal tails since no fountain occurs in that region, and differences in entrain- 
ment effects due to proximity of the flat-plate tail to the rear jets would be 
expected to give the opposite results. It may be that the longitudinal channels 
between the fuselage and nacelles on the wind-tunnel model generate secondary 
effects which do not occur on the flat plate. The results of a limited study 
involving the attachment of wood contours to the flat plate to simulate the 
fuselage underside of another model did not show significant effects. However, 
those tests were not sufficiently comprehensive to rule out the need for this 
type of refinement to the basic flat-plate technique particularly for models 
having complex undersurface shapes, wheel wells, stores attachments, etc. 

For this reason and from considerations mentioned previously, further investi- 
gations are planned in order to assess the types and extent of refinements 
required to improve the usefulness of this technique without introducing undue 
complications. 


SUMMARY 


The use of flat-plate models for preliminary estimation of hover-induced 
effects appears promising based on results from a lift-fan transport configu- 
ration and a jet-lift fighter configuration. The experiences gained during the 
experiment together with the comparative results from the two-dimensional and 
three-dimensional models indicate the need for attention to certain details and 
suggest areas where the experimental technique may require refinements. 
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ABSTRACT 


The vectored thrust or lift-jet type VTOL aircraft may suffer varying degrees of lift 
degradation when operating close to the ground. Potential reingestion of hot gases during 
takeoff and landing may result in significant thrust losses, and the propulsion-induced flow 
about the aircraft may lead to aerodynamic forces or lift losses on the -wing and fuselage 
surfaces. When we consider that the payload of a typical VTOL fighter airplane represents a 
relatively small percentage of the total weight, it is obvious that the proper control of the 
propulsion-induced effects and hot gas reingestion can have a significant impact upon the 
VTOL airplane payload capability. These losses can be reduced by various means including 
the treatment of the ground environment. 

The objective of this program consequently was to generate test data on 
vectored-thrust and lift-jet type VTOL airplane model configurations operating over a 
porous surface. It was expected that this approach would reduce engine inlet proximity 
temperatures, engine induced aerodynamic effects, and improve the on-deck environment. 

The test program included a four-jet configuration, a six-jet configuration, and a 
three-jet configuration, all in the presence of various porous deck arrangements. It appears 
that an effective porous deck must be designed primarily from the standpoint of hot gas 
reingestion. Propulsion-system-induced effects will impose certain constraints in respect to 
deck porosity and porous to solid deck spacing, while the below-deck environmental 
information will assist in the definition of loads on the deck structure. 

The tests demonstrated that a properly designed porous surface with louvers will 
reduce the propulsion-system-induced effects to the out-of-ground effect levels and lead to 
significant decreases in the engine inlet proximity temperatures. However, the relatively high 
deck temperatures could lead to structural design problems. This is especially true when 
prolonged operation of engines over the porous surface is contemplated. 
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1. INTRODUCTION 

The vectored thrust or lift-jet type VTOL aircraft may suffer varying degrees of lift degradation 
when operating close to the ground. The exact amount depends upon the aircraft configuration. 
Potential reingestion of hot gas during takeoff and landing may result in thrust losses on the order 
of 5 to 10% and the propulsion-induced flow about the aircraft may result in aerodynamic forces on 
the wing and fuselage surface on the order of an additional 5 to 10%. Consequently, the sum of the 
reingestion and induced interference effects can equal a significant percentage of the aircraft weight. 

When we consider that the payload of a typical VTOL fighter airplane represents a relatively 
small percentage of the total weight, it is obvious that the proper control of the propulsion-induced 
effects and hot gas reingestion can have a significant impact upon the VTOL airplane payload 
capability. This control can be accompUshed by flight vehicle design, varying operational techniques 
and takeoff and landing surface design. The tests conducted by the General Dynamics Convair 
Division dealt with the latter concept, which consists of a raised porous deck and constitutes one 
means of controlling these flow phenomena. This porous surface is supported a certain distance 
above a solid deck. The jet exhaust gases from the airplane operating above this deck pass throu^ 
the porous surface and exhaust laterally along the sohd deck. 

Thus, the objective of this program was to generate test data on vectored-thrust and hft-jet 
type VTOL airplane model configurations operating over a porous surface deck. The program was 
specifically designed to obtain data on the effect of the various porous deck design parameters on 
aircraft-induced interference effects and reingestion trends and to obtain data on the ground jet 
about the porous deck for various VTOL configurations. This document summarizes these test results. 

The test (no. 342) was conducted in the General Dynamics recirculation and impingement test 
facility located near the high-speed wind tunnel. Figure 1 shows an installation diagram of the 
model and the porous deck for this test program. A photograph of the test installation is presented 
in Figure 2. Heated high-pressure air was supplied to the model throu^ the Airflow Laboratory 
Facility. Model interference forces and moments were measured by a six-component internal strain 
gage balance system. Inlet proximity temperature rise was measured in the vicinity of engine inlets 
with aspirated thermocouples. Ground jet pressures and temperatures were measured under and 
around the porous deck model for all configurations. Wind-over-deck conditions were simulated 
through the use of a wind generator. The test program was divided into four phases: 

1 . Single-jet study with porous deck arrangements 

2. Four-jet configuration study with porous deck arrangements, including a wind-over-deck study 
and a deck rotation study 

3. Six-jet configuration and a porous deck arrangement 

4. Three-jet configuration and a porous deck arrangement 
Each phase is discussed further in Section 3. 


2. TEST EQUIPMENT 

This section describes the airplane model arrangements used, the raised porous deck model, the inlet 
proximity temperature probes, and the wind generator. 

2.1 AIRPLANE MODEL DESCRITPION 

The airplane model used during this test program was an existing VTOL research model designed to 
represent a multitude of fighter type VTOL aircraft. 



■ The basic fuselage shell of the model was constructed of aluminum, steel, and wood. The 
fuselage shell was designed to be independent of the substructure components, which include the 
high-pressure plenums and nozzles. The fuselage ^ell was supported from the substructure by 
means of a six-component internal strain gage balance that measured the forces and moments on the 
fuselage and the aerodynamic surfaces. 

The fuselage substructure as shown in Figures consists of two high-pressure plenums, an 
internal balance, water cooling jacket, and a fuselage support bracket. Three sides of each plenum 
included several two-inch-diameter holes to allow for installation of the various nozzles. Cover 
plates were provided for the nonblowing positions during various propulsion arrangement tests. 

High-pressure air was supplied to the plenums. Flow to each nozzle was throttled through an 
orifice plate to reduce the pressure level and to estabhsh an even flow distribution. Nozzle 
calibrations were performed for all of the arrangements tested, which included the thrust, nozzle 
pressure ratio, wei^t flow, and plenum pressure relationships. The flow was discharged through a 
30-degree conical half-angle nozzle as shown in Figure 4. 

The model arrangement tested with four jets operating was composed of the basic fuselage, 
which had two side inlets faired into a smooth contour and a swept trapezoidal planform wing with 
1 1 degrees of anhedral. The wing had an area of 1 .5 6 square feet, a span of 28 inches, and an aspect 
ratio of 3.48. The wing was mounted hi^ on the fuselage with the nozzles located below the wing 
near the wing leading and trailing edges. A horizontal stabilizer was located high on the fuselage aft 
of the wing. The horizontal stabilizer had a swept trapezoidal planform with a leading edge sweep of 
40 degrees, an area of 0.43 square feet, a span of 14.4 inches, and an aspect ratio of 3.35 (Figure 5). 

The model arrangement tested with six jets operating was identical to the four-jet arrangement 
except that the additional jets were added along the model centerline forward and aft of the four-jet 
arrangement (Figure 6). 

The model arrangement tested with the three-jet arrangement was composed of the basic 
fuselage, a delta wing, and canard. The jet arrangement included two nozzles located forward of the 
delta wing and one nozzle located aft of the wing trailing edge along the model centerline. The delta 
wing had a leading edge sweep of 60 degrees, an area of 2.0 square feet, a span of 25.168 inches, 
and an aspect ratio of 2.2. The canard located above and forward of the delta wing had an area of 

0.078 square feet per panel, a span of 3.78 inches per panel, and an aspect ratio of 2.452 (Figure 7). 


2.2 POROUS DECK DESCRIPTION 

f 

The raised porous deck was nominally a 1/1 5-scale model of the NAEC (Naval Air Engineering 
Center) preliminary test design, miscellaneous drawing 0.9583. The deck was 70 ieet wide and 70 
feet long. To provide porous deck design evaluation, the following flexibility was designed into the 
porous deck model. 

1. Ability to insert three screened grids of different porosities (40, 60, and 80% open) 

2. Ability to adjust the porous surface height above the solid surface 

3. Ability to install flow directing vanes so that airflow is discharged from both sides 

4. Ability to set three vane angles (30, 45 , and 60 degrees to the vertical) 

5. Ability to change the vane pitch 
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The porous deck model was composed of four basic components; the interchangeable upper 
surface, the basic beam substructure, the deck support side panels, and the flow directing vane 
arrangement. 

Figure 8 illustrates a planform view of the porous deck model. Figure 9 shows a side view of 
the porous deck model with the vane details. Figures 10, 11, and 12 show the porous deck with all 
of the components assembled, the vane assembly installed under the substructure, and the three 
screen grids with porosities of 40, 60 and 80% open. 

2.3 INLET PROXIMITY TEMPERATURE PROBE DESCRIPTION i 

One of the objectives of the test program was to assess the effect of porous deck geometry on the 
flow field temperatures in the vicinity of the engine inlets. Since the model does not include an inlet 
flow simulation system, the flow field in the vicinity of the inlets was largely determined by a 
highly turbulent fountain upwash and ground jet recirculation. An unshielded thermocouple in this 
environment would be subject to unknown velocity errors and radiation effects. Aspirated 
thermocouples were used to record the inlet proximity temperatures to minimize these errors and 
to provide a more consistent local flow condition. 

The probes were distributed at various heights and distances from the inlet opening location to 
sample different areas in the flow field that might be induced by an operating inlet. Figure 13 shows 
the thermocouples arranged for the six-jet-propulsion arrangement. The aspirating lines were 
connected to an ejector system, which provided the required suction.. 

2.4 WIND GENERATOR DESCRIPTION 

To provide wind-over-deck conditions during the test program, a wind generator was constructed to 
provide a controlled wind environment in the open air facility. The ejector-driven wind generator is 
shown in Figure 14. The primary drive flow is supplied from the General Dynamics high-speed wind 
tunnel compressor system at plenum pressures up to 300 pounds per square inch. Thirty-six 
primary nozzles are connected to the plenum supply by extended pipes with individual choke 
plates. The mixing chamber is six feet square, four feet in length, with a square shaped inlet. A 
3.5-degree sidewall diffuser leads to an eight-foot-square exit, providing a diffuser area ratio of 
1.775 and maximum wind velocities of 60 mph. 


3. TEST RESULTS 

3.1 PROPULSION-SYSTEM-INDUCED EFFECTS 

Lift jets and vectored cruise engines induce air currents about the fuselage and lifting surfaces of a 
hovering VTOL vehicle. This air movement will produce lift, drag and side forces on the airframe 
and moments about all airplane axes. The forces along the vertical axes (lift losses or gains) 
constitute the most important element, since they can add or subtract from the maximum VTOL 
gross weight. This document consequently addresses and summarizes only these induced lift forces. 

The propulsion-system-induced lift forces are extremely sensitive to ground proximity. The lift 
gains or losses are usually most severe at airplane-to-deck spacing equal to or less than 15 engine 
nozzle diameters. At altitudes higher than about 1 7 diameters, most configurations considered will 
have become asymptotic to a lift loss level equal to a few percent, known as the 
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out-of-ground-effect loss. This loss persists regardless whether the airplane exhibits lift losses or 
gains at close proximity to the ground. 

The remainder of this section summarizes the propulsion-system-induced lift losses on three 
VTOL configurations with four, six and thre^ nozzles (see Section 2 for configuration descriptions). 
The reader will notice that these induced effects are relatively insensitive to the deck parameters such 
as porosity, louver angles, or porous-to-solid deck spacing. It appears that as long as the vehicle 
operates over any reasonable porous surface, an out-of-ground-effect condition will be achieved 
from the standpoint of the induced forces. To put it in other terms, as long as we specify a “porous 
surface” we can be reasonably assured that it will reduce our propulsion-system-induced effects at 
hover near the ground. As will be pointed out m Section 3.2, however, the same observation does 
not apply to inlet proximity temperatures. Consequently, the engine reingestion characteristics will 
dictate the porous deck design parameters such as porosity, louver angles, and porous-to-solid deck 
spacing. 

All data presented in this section was obtained with exhaust gas temperatures at about 5 OOF. 
The nozzle pressure ratio was 2.0 for all configurations except the three-nozzle case, where 2.6 was 
used. Ths spacing of louvers or vanes below the porous deck was a consistent 0.5 engine diameter 
(0.705 inch). 

Induced Effects on a Model with Four Nozzles — The induced lift characteristics of a four-nozzle 
configuration operating over a solid surface are depicted in Figure 15. A level vehicle exhibits a 
strong positive ground effect (lift gain) for all shown distances higher than 2.8 diameters above the 
ground plane. This positive ground effect, however, decreases when we move from 12 to 15 
diameters above ground, and we know from other tests that it will become slightly negative above 
18 nozzle diameters. 

The other significant effect exhibited by Figure 15 is that there is a large reduction in this 
positive ground effect with changes in airplane pitch or roll attitude. This means that a similar 
vehicle will experience lift losses when it executes pitch or roll maneuvers during hover close to the 
ground. Although the positive ground effect is beneficial in that it helps arrest the rate of sink 
during vertical landings, the lift losses with attitude are not. 

This last problem is eliminated to a large extent by operating over a porous surface 
(Figure 16), As can be seen, the maximum deviations with attitude are about 1%. This stabilizing 
effect of the porous surface is demonstrated once more in Figure 17, where induced lift losses are 
plotted as a function of pitch angle. 

Next let us investigate the effect of louvers. Louvers reduce the area between the porous and 
the solid deck. For example, louvers set at 45 degrees reduce the space by 0.71 nozzle diameters 
(the vanes have a chord equal to 1 .0 nozzle diameter). Thus, for a porous-to-solid deck spacing of 
2.0 diameters, the distance left for gas escape route is about 0.97 nozzle diameter (the beam 
substructure occupies another 0.32D; see Figure 9). Figure 18 again illustrates the effect of deck 
spacing. With the exception of 2.0 diameters, the spacing has no significant effect. Figure 18 
indicates that the induced effects are minimized as long as we have a clearance between the two 
decks equal to at least 1.53 to 1.68 nozzle diameters. Note that this conclusion applies to 60% 
porosity. 

The effect of wind is especially significant from hot gas reingestion considerations. Its impact on 
propulsion-system-induced effects is generally small. There were some interesting effects, however. 
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First let us examine the model over a porous deck at zero degree angle of attack and with wind 
approaching head-on (zero degree). Figure 19 indicates the usual data band for 0, 10 and 20 knots 
wind speed. We can say that these winds have no significant effect on the 
propulsion-system-induced lift losses or gains. (Note that the data does not include the aerodynamic 
lift on the wing and fuselage. Only incremental forces caused by propulsion system or nozzle 
operation are shown.) The 40-knot wind case, however, shows a sharp increase in lift losses. This 
effect, summarized in Figure 20, is consistent with similar results obtained by VFW in Germany, for 
example. 

A check was made to determine if a model attitude change would significantly increase its 
sensitivity to wind (Figure 21). The findings were negative. Runs were also conducted with 
negative an^es of attack with similar results. (See Reference 4.) Next the runs were repeated with 
the wind from 45 degrees off the starboard bow (Figure 22). The results again indicate small if any 
effect. Unfortunately, wind velocities above 20 knots were not used for these cases. It can be 
noticed, however, that the 20-knot data is on the negative side of the data band (Figure 22). 

During the test planning, concern was expressed about the effect of the airplane model 
orientation in respect to the deck or the louvers. To determine if any adverse effects existed, the 
deck was rotated unddt the model to various angles (10, 30, and 90%). The position of the model 
over the center of the deck was maintained. The results of these tests, shown in Figure 23, indicate 
no significant effect as far as the induced lift forces are concerned. 

The test results of the four-nozzle configuration over the porous surface can be summarized as 
follows. First, the porous surface will reduce significantly the changes in propulsion-system-induced 
effects with airplane attitude changes. This should lead to safer VTOL operations. The vane or 
louver angles and deck orientation had no effect on induced forces. Neither did the porous-to-solid 
deck spacing, as long as a minimum space equal to about 1 .6-engine diameters was maintained. Low 
winds nor their direction had any significant effect on induced lift forces. For conditions in excess 
of 20 knots, there was found to be a further increase in induced-lift losses. 

Perhaps the most significant conclusion of this test data is that from the 
proulsion-system-induced-effects standpoint, most of the porous deck design parameters are not 
critical. As long as there is a porous surface (perhaps 40 to 80% porosity) reasonably spaced above 
the solid surface (with about 1.6-engine exhaust diameters of clearance), the concept will largely 
reduce or eliminate propulsion-system-induced effects. This characteristic is to a certain extent 
fortunate, since the reingestion trends were found to be much more sensitive to the porous deck 
design parameters. 

Induced Effects on a Model with Six Nozzles — The propulsion-system-induced effects of a 
configuration with six nozzles closely resemble the data from the four-nozzle case. Both exhibit a 
large positive ground effect over a solid surface and both are sensitive to airplane attitude changes 
(attitude changes lead to increased induced lift losses). These similarities can be determined from 
Figures 15 and 24. The positive ground effect disappears when the model was placed over a surface 
with louvers (Figure 25). When we consider that six nozzles produce about 50% more gas per given 
time, then we can estimate the minimum deck spacing as 2.72 engine diameters, based on the 
four-nozzle model data (1.5 x 1.6 + 0.32). This trend seems to be verified to some extent by 
Figure 25. The porous-to-solid deck spacing at 2.5 engine diameters seems to be inadequate to 
produce a complete “out-of-ground-effect” condition. 
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The model with six nozzles was not tested in the presence of wind. 

The six-nozzle concept, like the four-nozzle design, is relatively insensitive to the porous deck 
design parameters. For a deck with a 60% porosity and reasonable solid-to-porous deck spacing 
(estimated as a clearance equal to a minimum of 2.4 engine diameters), most 
prppulsion-system-induced effects will be eliminated. 

Increased Effects on a Model with Three Nozzles — The three-nozzle concept is the only arrangement 
that exhibited propulsion-system -induced lift losses for all distances above a solid deck (Figure 26). 
These losses were subsequently reduced to a nominal “out-of-ground-effect” level (1% Or less in this 
case) by operating the model over a 60% porous deck with louvers. These results corroborate the 
data in Reference 4, where the same model was tested over 20, 40, and 60% porous surfaces 
without louvers and with a solid-to-porous deck spacing of 8.5 nozzle diameters. It appears that for 
this concept, a deck clearance of 1.48 nozzle diameters is more than adequate (2.5 -0.32-0.7 = 
1 .48). The porosity should be kept at 40% or above, however. 


3.2 ENGINE INLET PROXIMITY TEMPERATURES 

Jet upwash temperatures in the vicinity of the engine inlets were recorded with aspirated 
thermocouples as described in Section 2.3. A sample of the graphical data (Figure 27) presents 
individual temperatures as a function of model height. The ordinate is inlet proximity temperature 
in excess of ambient temperature: ATj = Tj - T^, where: 

Tj = inlet proximity thermocouple readings (F) 

Tq = ambient atmospheric temperatures (F) 

The abscissa is nondimensional model height (H/D) where: 

H = model height above deck (in.) 

D= single nozzle diameter (in.) 

Probe and inlet definitions are described in Section 2.3. The sample presentation (Figure 27) shows 
the trend of inlet proximity temperatures with model height for the four-nozzle configuration over 
a solid deck. The wide distribution of temperatures in each inlet vicinity is indicative of the high 
gradients experienced in jet fountains. The four-nozzle configuration develops a complex fountain 
interaction under the fuselage aft of the inlet area. A portion of the fountain fiows forward under 
the fuselage, entraining ambient air in a highly turbulent mixing process. The resultant streams 
diffuse into the vicinity of the inlets, producing the thermal distributions indicated by the 
individual thermocouple readings. In addition to the high-temperature gradients experienced in each 
inlet area, there is a large differential in temperature between the left- and right-hand inlets. This 
imbalance indicates that the forward fountain flow direction deviates from the model axis. Flow 
direction is extremely sensitive to the balance in individual nozzle jet flow conditions; small 
deviations in nozzle size, nozzle angle, or pressure ratio would induce large fountain flow 
deflections. 

Since the objective of this program is to provide an index of inlet reingestion temperatures, the 
individual thermcouples closest to each of the simulated inlet faces were averaged and used in the 
following discussion to measure the effect of test parameters on inlet proximity temperatures. Thus, 
for the four-nozzle configuration: 




(Ti)5 + (Ti)io 
2 
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with thermocouples 5 and 10 defined in References. The choice of thermocouples for defining 
ATiav is somewhat academic, since the temperature distribution collapsed with porous deck 
improvements and all temperature indications followed consistent trends. The three- and six-nozzle 
configurations exhibited comparatively low temperature distributions, and the same thermocouples 
were used for defining ATi^v -^ii recorded at nominal jet temperatures of 45 OF, with the 

exception of one run. During that test, the jet temperature of the forward two nozzles in the 
four-nozzle configuration was varied over a range of 350F. Model height was held constant (H/D = 
4), over a solid ground plane. 

. The variation of ATi^v with AT-pg (forward jet exhaust temperature) is shown in Figure 28. 
Decreasing forward jet temperature reduces the inlet proximity temperature in a consistent trend. 

In the following discussion of the effect of configurational, changes on ATi^v.^U comparisons 
are based on temperature readings at estimated landing gear height (H/D = 2.5) since, in most 
instances, these data points represented the highest level of temperature recorded. 

Engine Inlet Proximity Temperatures on a Model with Four Nozzles — The four-nozzle 

configuration was tested over porous decks of various porosities and deck spacing (hp^j/D) as 

described in Section 2.2. Initially, no vanes were used. Of the combinations tested, 40% porosity 

with a two-nozzle-diameter deck spacing demonstrated the highest improvement by reducing 

ATt , , from 75F over solid deck to lOF over the porous surface (Figure 29). Well defined 
^AV 

minimum temperatures were attained at 40% porosity with deck spacings of 2 and 2.5 nozzle 
diameters. The steep slope of both curves in the area of 40% porosity indicates that lower porosity 
(not tested) might have produced even lower temperatures. The flow mechanism that generates 
these results was not investigated in this program. The data indicates, however, that the low 
porosity range reduces fountain strength and that low deck spacing decreases ground jet 
entrainment. The two mechanisms combine to carry off hot gases beyond the inlet flow fields. 

The addition of vanes changed the optimum deck spacing from 2 to 4 nozzle diameters, with 
temperature at 2.5-nozzle-diameter spacing being only slightly higlier than the temperature at 4 
nozzle diameters (Figure 30). Both minima occur at a vane angle setting of 45 degrees. Since the 
vane structure occupies a space of about one nozzle diameter below the porous deck, it is not 
surprising that the optimum deck spacing is higher than the corresponding value with the porous 
surface alone. 

Comparing the best combination of deck parameters te.sted: 

Without vanes (porosity = 40%, hp^-j/D = 2), ATj^^ = I 0 p 

With 45-degree vanes (porosity = 60%, h^a/D = 4). ATi - o p 

pu ‘AV ‘ * 


Model pitch attitude changes of five degrees in negative and positive directions reduced AT 


Uv 

over a solid ground plane and also over a 60% porosity deck (Figure 31). The addition of 45“degree 
vanes to the porous deck reversed this relationship. The pitched model temperatures were reduced 
by the porous deck, but the addition of vanes had only a small effect here. The angularity between 
jet flow and porous deck openings with the pitched model reduces the effective deck porosity. This 
effect would explain the lower temperatures observed for the pitched model with porous deck 
alone, since 40% porosity was optimum (Figure 29). The addition of vanes provides another 
reduction in effective porosity by turning the flow angle and may have reduced the effective 
porosity well below the 40% optimum level, so that AT|^^ was increased (Figure 31). Winds of JO 
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was 


and 20 knots cleared the gas flow away from the inlet flow fields, and negligible ATt 

^AV 

recorded at all model attitudes. 

At 10 degrees of bank angle on the model over a solid ground plane, the ATt was reduced 

^AV 

to 2F (Figure 32), from a value of lOOF for a level model. Apparently, the bank angle diminished 
fountain strength to the point where the hot gases were entrained by the ground jets and swept 
away from the inlet flow fields. Porous decks alone were relatively insensitive to model bank angles. 
The addition of vanes improved porous deck performance considerably at the 10-degree model bank 
angle. The effect of wind was to reduce the recorded temperatures to the local ambient level. 


Porous deck orientation with respect to the model was varied and data recorded at 0, 10, 30, 
and 90 degrees (Figure 33). The value of rose considerably at the 1 0-degree setting, dropped 

to zero at the 30-degree setting, and rose sli^tly at 90 degrees to the zero-degree value. No ATj 

AV 

was recorded with winds at the 10- and 30-degree settings of porous deck orientation. 


The effect of wind direction (i^w) was evaluated at head-on to the model (0 degree), at 10 
degrees and at 45 degrees at various model attitudes (Table I). Temperature levels were low at both 
10- and 20-knot wind velocities. The 45-degree wind azimuth produced sliglitly higher levels than 
the 0- and 10-degree azimuth settings. 


Engine Inlet Proximity Temperatures on a Model with Six Nozzles - The six-nozzle configuration 
exhibited low values of ATj^y in the proximity of both cruise and lift inlets over a solid deck 
(Figure 34). Porous decks of 60 and 80% porosity vanes exhibited higher temperatures than those 
recorded over the solid deck. Data trends indicate the possibility that lower porosities (20 to 40%) 
may demonstrate temperature levels lower than those for the solid-deck case. The addition of 
45-degree vanes to a 60% porosity deck improved temperature levels substantially. At an hpd/D of 
four nozzle diameters, ATiy^y was decreased below the solid-deck values. 

The six-nozzle configuration was relatively insensitive to model attitude in pitch and roll when 
operated over a solid ground plane (Figures 35 and 36). Temperatures levels increased or held 
essentially constant with model attitude changes when operated over a deck of 60%- porosity. 

Engine Inlet Proximity Temperatures on a Model with Three Nozzles — Testing the three-nozzle 
configuration was limited to operation over a porous deck of 60% porosity at an hpd/D of 2.5 with 
45-degree vanes. At landing gear height (H/D = 2.5), both lift and cruise inlet proximity 
temperatures averaged 1 (F. 

4. SUMMARY 


The test results involving a porous deck and a model representing a VTOL vehicle with three 
propulsion system arrangements have been summarized under two categories; 
propulsion-system-induced effects and engine inlet proximity temperatures. It appears that a porous 
deck will be designed primarily from the standpoint of hot gas reingestion while propiilsion-system- 
induced effects will impose certain constraints in respect to deck porosity and porous-to-solid deck 
spacing. 

From the standpoint of propulsion-system -induced effects, any surface with the porosity in 
the 40 to 80% range will reduce these effects to out-of-ground-effect level. From other tests 
(Reference 4), we have determined that a surface with 20% porosity is marginal in this respect, 
especially with the airplane close to the deck or porous surface. Consequently, we have selected 40 
to 80% as the preferred porosity range from induced effects standpoint (Figure 37). 
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The examination of the induced-effects data (Section 3.1) also reveals that although a wide 
variation in the porous-to-solid deck spacing has no siginficant impact here, there are certain 
minimum distances that should be maintained. Specifically, the clearance or space between the two 
decks is critical. This is the area occupied by gas or ground jet, and the evidence indicates that very 
closely spaced decks will lead to back-pressure conditions, especially when the model is close to the 
surfaces. To put it in other terms, adequate space must be allowed for the gases to escape between 
the two surfaces. 

This minimum distance, based on data obtained from tests with various nozzle configurations, 
is shown in Figure 38. Note that the data assumes that the gas is escaping in two principal 
directions. Should the louvers deflect the flow in one direction only, the clearance values should be 
doubled. 

The test results involving the engine inlet proximity temperatures produced several interesting 
results. First, a six-nozzle design had low temperatures here while a model with four nozzles 
produced extremely high temperatures (the reader is cautioned that the information in this report 
refers to approximate steady-state or hover conditions only. Other tests have indicated that a 
rapidly moving groundboard or model can reduce significantly the recorded engine inlet proximity 
temperatures). The location of a single high-velocity ground jet underneath the inlet locations (for 
the six-nozzle design) was found to be highly favorable. This can be seen from Figures 29 and 34 
when we compare the data at zero % porosity. 

Another significant result was obtained when the forward nozzle exhaust gas temperatures 
were reduced. The data in Figures 28 indicates that the engine proximity temperatures are a 
function of the forward nozzle exhaust gas temperature and are relatively insensitive to the aft 
nozzle exhaust gas characteristics. 

The operation of the four-nozzle configuration over a porous deck can be summarized as 
follows. The deck without vanes leads to significant reductions in inlet proximity temperatures. A 
porous-to-soIid deck spacing of 2 nozzle diameters was found to be especially favorable here 
(Figure 29). The addition of louvers showed an additional improvement. Compare the data in 
Figure 30 (with vanes and for 60% deck porosity ) to the corresponding data (at 60% porosity) in 
Figure 29. With vanes, however, allowances must be made for the space occupied by these devices. 
The porous-to-so!id deck spacing is consequently increased to 2.5 to 4 nozzle diameters. This 
provides a below-deck clearance at about 1.5 to 3 diameters. (This inlormation is recorded as 1.75 
in Figure 38.) 

Tests involving the relative alignment of the model to porous deck (with huivers) indicated 
that a 10-degree misalignment leads to increased engine proximity temper atures. Other orientations 
reduced the temperatures. The wind also liad a favorable effect. Before a porous surface is designed 
fora full-scale vehicle, these phenomena should be investigated further. 

The porous deck without louvers had a completely unfavorable effect on the six-nozzle 
configuration. Engine inlet proximity temperatures increased for ail porosity levels tested. Only the 
addition of vanes (at 60% deck porosity) lead to reduced temperatures as compared to operations 
over a solid surface. A solid-to-porous deck spacing of 4.0 nozzle diameters had to be maintained to 
get this effect. 

The reingestion trends obtained from these tests indicate that vanes are necessary to obtain 
reduced temperature levels, that vanes set at 45 degrees work in a satisfactory manner, and that a 
porosity of 60% appears adequate (Figure 37). However, certain minimum clearances between the 
porous and the solid deck must be maintained (Figure 38). 
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The below-deck environment was also investigated during these tests in terms of peak velocity 
and temperature parameters. This data was nondimensionalized with respect to the nozzle exit and 
ambient conditions. Several observations can be made with respect to the ground jet below the 
porous deck. First, the peak gas velocities decrease about two to three times more rapidly than the 
peak temperatures. Changing deck design parameters such as vane angles, porosity and 
porous-to-solid deck spacing was found to have only a small effect on these ground jet 
characteristics. The wind also failed to have a significant impact here. The model attitude change 
from level conditions, however, was found to lead to higher peak temperature and velocities in the 
ground jet. 

The highest temperatures and velocities recorded for each configuration have been summarized 
in Figure 39. The data shows that the configuration with four nozzles produced the most severe 
conditions. The reader is cautioned that this is directly related to the fact that a large data base 
exists for this specific configuration. Had the single-, three-, and six-nozzle configurations also been 
pitched and rolled over the porous surfaces, their maximum temperatures and velocities would have 
undoubtedly increased. We should also keep in mind the fact that the porous deck under 
consideration deflected the gas in two directions. Consequently, this data cannot be applied directly 
to deck concepts where the gas is deflected to one side only. 

The examination of Figure 39 can only lead to one conclusion: the porous deck structural 
design could represent a major thermodynamic problem, especially when exhaust gases in the 1,000 
to 2,000F range are to be transported and disposed. 
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PLANE IN 
RAISED POSITION 


Figure 2. The test facility included a wind generator and a movable 12-foot-diameter ground board. 
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Figure 3. The fuselage substructure consisted of two plenums, an internal balance, water cooling 
jacket and fuselage support bracket. 



RETAIWER RING 






-NOZZLE (30 DEG CONICAL HALF ANGLE) 


EXIT DIAMETER 0 ° 0.805, 1.41, 1.61 IN. 


Figure 4. The jet flow was discharged through 30-degree conical half-angle nozzles. 
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NOTE; ALL DIMENSIONS IN INCHES WL 12.500 



Figure 5. The model with the four-jet propulsion system was designed to represent a Pegasus engin 
type installation. 
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Figure 7 . The model with the three-jet propulsion system represented an advanced supersonic 
fighter concept. 



(hp(|= 2.82, 3.53 & 5.64 INCHES) 


Figure S. The porous deck model was composed of a porous surface, substructure and vanes 









VANE CHORD = 1.06 IN. (0.75D) 
VANE ANGLE = 30, 45, 60 DEG 


t - VANE PITCH = 0.705 & 1.140 IN. (0.5D & 1.00) 


D - NOZZLE DIAMETER = 1.410 IN, 


POROUS SURFACE 
40, 60 & 80% OPEN 


BEAM SUBSTRUCTURE 


VANE PIVOT POINT 


VANE SUPPORT BRACKETS 


SOLID END 
PLATES 


POROUS DECK HEIGHT 
IN. (2.0, 2.5 8< 4.00) 


NOTE; ALL DIMENSIONS IN INCHES 


Figure 9. The porous deck model had vanes that could be deflected 30, 45 and 60 degrees. 


Figure 1 0. The porous deck model had supports for three deck heights. 
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Figure / /. The vanes were de flected to port and starboard. 


247 



vy ^ V ✓ > « 

h>'>y'i 

fe<>;>’?;^ 

r '■ ^'* >'> >VV/ ^ ’ 

k ^r* ^•‘>y'^ >. > ■'* '; 

I»1 





H'f M i »t 

' *4 TUfihL.-tf''- f. 







Figure 15. Changes in airplane attitude over a solid deck produce large variation in induced lift 
forces (four nozzles). 



Figure 1 6. Changes in airplane attitude over a porous deck produce only small variations in induced 
lift forces (four nozzles). 
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9 

Figure 1 7. Changes in propulsion-system-induced lift with airplane attitude become negligible over a 
porous surface (four nozzles). 



Figure 18. For a porous deck with louvers, the propulsion-system-induced effects are negligible for 
deck spacing equal 2.5 and 4.0 nozzle diameters (four nozzles). 
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Figure 19. Wind velocities of 20 knots and less had only a small effect on 
propulsion-system-induced forces (four nozzles). 


NOTE: 1. DECK POROSITY* 60% 5. MODEL TO POROUS DECK 

2. VANE ANGLES = 45 DEG SPACING IS 2.5 NOZZLE DIA. 

3. POROUS TO SOLID DECK 6. ANGLE OF ATTACK = 0 DEG 

SPACING = 2.5 D 7. RUNS 76, 103, 104, 105 

4. WIND DIRECTION = 0 DEG 



Figure 20. Up to 20 knots, the wind had very little effect on the induced lift forces (fournozzles). 
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Figure 21. At a five-degree angle of attack, a 20-knot wind had no significant effect on propulsion- 
system-induced forces (four nozzles). 



Figure 22. The effect of wind on propulsion-system-induced forces is small at a five-degree angle of 
attack ( four nozzles). 
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- 0.1 

Figure 23. Changes in the model orientation on the porous deck had no significant effect on 
propulsion-system-induced forces (four nozzles). 




Figure 24. Changes in airplane attitudes over a solid deck produce large variations in induced lift 
forces (six nozzles). 
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Figure 25. The porous deck with louvers caused the propulsion-system-induced effects to become 
small (six nozzles). 



H/D 


Figure 26. A porous surface with louvers eliminates most of the propulsion-system-induced effects 
( three nozzles). 
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5.0 


10.0 


15.0 


H/D 

Figure 27 . Typical engine inlet proximity temperature data decreased with distance above ground. 



EXHAUST TEMPERATURE {°F) 
(FRONT TWO NOZZLES) 


Figure 28. A decrease in the exhaust temperature of the front nozzles lead to a reduction in inlet 
proximity temperatures (four nozzles). 
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0 IQ 20 30 40 50 60 70 80 90 100 


DECK POROSITY (%) 

Figure 29. Forty percent porosity (or less) and a solid-to-porous deck spacing of two engine 
diameters (or less) was found to be best from engine inlet proximity temperature standpoint (four 
nozzles). 



VANE ANGLE FROM VERTICAL (DEG) 


Figure 30. The vane angle of 45 degrees gave best results (four nozzles). 
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AIRPLANE ATTITUDE (DEG) 


Figure 31. On a deck with louvers, pitch attitude changes lead to increases in inlet proximity 
temperatures, while on a solid surface and a porous surface without louvers, the opposite is true 
(four nozzles). 


1. POROUSTOSOLID DECK 
SPACING IS 2.5 D 

2. MODELTO POROUS OR 
SOLID DECKSPACING 

IS 2.5 NOZZLE DIAMETERS 
WIND IS HEAD-ON 
RUNS 53,56,59,73,61,72, 
76,95,93,94, 103 AND 104 



AIRPLANE BANK ANGLE (DEG) 


Figure 32. Bank angle and winds reduce inlet proximity temperatures (four nozzles). 







Figure 33. A 10-degree off-center orientation (yaw) of the model leads to increased engine inlet 
proximity temperature. 
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Figure 34. Porous deck with or without louvers degraded engine inlet proximity temperature in 
most cases. Sixty percent porosity at hp^lD of four with vanes showed some improvement, 
however ( six nozzles). 
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AIRPLANE BANK ANGLE (DEG) 


Figure 36. Excursions in bank had a mixed effect on inlet proximity temperatures (six nozzles). 
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Figure 37. The recommended deck porosity is 50 to 70%. 
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Figure 38. The porous-to-solid deck spacing is largely dictated by engine hot gas reingestion trends. 
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Figure 39. The maximum gas temperatures recorded below the porous surfaces were sufficiently 
high to cause concern from the structural standpoint. 
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Table I. Effect of wind direction on inlet proximity temperature (four nozzles). 


Ktch/RoU 

(em 

(deg) 

Wind Speed 
(Vw)(^^) 

Wind Direction (\p)(deg) 

0 

10 

45 

0/0 

10 

0 

2 

0 


20 

0 

0 

6 

5/0 

10 

0 

3 

5 


20 

0 

2 

3 

-5/0 

10 

2 

3 

11 


20 

2 

2 

7 

0/10 

10 

0 

0 

Not 

Tested 


20 

1 

1 

Not 

Tested 


1. Deck porosity = 60% 

2. Vane angle = 45 deg 

3. Porous-to -solid deck spacing = 2.5 nozzle diameter 

4. Deck orientation angle = 0 deg 

5. Model-to-porous-deck spacing = 2.5 nozzle diameters 
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EXPEEIMENTAL EVALUATIONS OF AERO/PROPULSION EFFECTS 
FOR LIFT PLUS LIFT/CRUISE V/STOL AIRCRAFT 


Robert A. Cea & Robert E. Krepskl 
Granaman Aerospace Corporation 
Bethpage, New York 11714 


ABSTRACT 

As part of a continuing effort to develop viable V/STOL aircraft for the 1980s , 
Grumman has conducted a number of experimental programs to evaluate the extent 
of jet-induced effects. This paper highlights results of recent test programs at the 
British Aircraft Corporation V/STOL wind tunnel and the VFW-Fokker hot-gas facility. 
The objectives of these programs were to evaluate aero/propulsion phenomena which 
have a strong influence on jet-induced lift, moments, and recircxilation temperature 
rise in hover and transition flight regimes. 

Model variations, the use of various non-dimensional coefficients, test tech- 
niques, and some test results are highlighted to aid in formulating more accurate 
prediction techniques . 


INTRODUCTION 

A thorough knowledge of jet- induced effects on forces, moments, and reingestion 
is required for the design of V/STOL aircraft. Figure 1 highlights the importance of 
jet-induced losses. This paper is divided into two separable but yet synergistic cate- 
gories of jet-induced effects testing: 

® Test programs to determine the extent of jet- induced forces and 
moments for two supersonic strtke/fighter configurations 

9 Results of a test program to establish the extent of hot-gas reingestion 
during in-ground operation 

JET-INDUCED FORCE & MOMENT TESTING 

Grumman has been involved with several jet-induced tests at NASA/Langley, 
British Aircraft Corporation and its own V/STOL facility at Farmingdale, New York. 
The latest test series were conducted at BAC on Grumman Design 607A (a twin lift 
engine plus a single lift/cruise engine) and Design 623 (a single lift engine plus twin 
lift/crniise engines). Figures 2 and 3 show these models installed in BAC's 5.5M 
V/STOL wind tunnel. 

Test F aci lity & Technique 

The BAG facility is capable of performing tests applicable to hover, transition, 
and STOL flight regimes, as well as conventional power-off aerodynamic tests. 
Exhaust-flow simulation is provided by cold air supplied through the sting/mainfold 
from an external source. 

Inlet flow is not simulated to reduce cost and model design/fabrication time. 
Proper inlet simulation may alter the level of resiilts , but the trends should not be 
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affected. A moving groimd belt with leading-edge suction provides the proper ground 
boundary layer simulation necessary for STOL testing. 

Jet-induced forces and moments are obtained using an interference testing tech- 
nicjue. The model balance measures only pure aerodynamic plus interference forces 
and moments. Therefore, the balance can be sized so that the anticipated loads are 
near the upper limits of balance capacity (where balance accuracy is greatest). This 
approach to testing necessitates a metric/non-metric method of model fabrication 
where direct thrust forces and moments are grounded. Figure 4 illustrates the non- 
metric sting/manlfold/nozzle assembly which is precalibrated to measure the direct 
thrust forces. Figure 5 shows the metric model shell installed on this assembly. 

The metric/non-metric method of model fabrication is clearly illustrated by the 
double-door construction of the engine deflector door. Each of the front and rear de- 
flector doors is composed of two parts . The inner components (which measure direct 
thrust effects) are secured to the non-metric outer shell. Therefore, any forces or 
moments acting on the outer door will be registered by the model balance. 

Data Analysis Considerations 


Data pertaining to the hover flight mode are usually presented in the format of 
jet-induced forces and moments as a function of height above ground. Forces and 
moments are non-dimensionalized by static gross thrust or, if applicable, model refer- 
ence geometry. Height is non-dimensionalized by model reference span. Similarly, 
one is tempted to present forward speed effects (i.e. , transition and STOL) using the 
same non-dimensionalized jet-induced Incremental effect approach, Grumman has found 
that this approach may be somewhat misleading since the Incremental data: 

• Are dependent on the accuracy of the power-off reference data 

« May ask relevant aerodynamic phenomena which are pertinent to aircraft 
design 

The former point is illustrated by the h 3 rpothetical data shown in Fig. 6. Two 
sets of identical lift data are used except for the power-off reference points (the dif- 
ferences of which may be attributable to balance accuracy at low dynamic pressure). 

The totally different trends exhibited by the incremental data are due to the differences 
in the reference power-off data. This inaccuracy may very well lead to the incorrect 
assessment of a partictilar configuration modification. The second point is illustrated 
by the stabilizer effectiveness data shown in Fig. 7. Again, lift data have been chosen 
for the example. The upper portion of Fig. 7 shows incremental jet-induced lift 
non-dimensionalized by gross thrust as a function of effective velocity ratio for three 
different stabilizer settings. One curve may be faired through all three sets of data. 
Specifically, it appears that the application of power has no effect on stabilizer effec- 
tiveness. But an additional important piece of information comes to light when the 
data are analyzed by the total lift coefficient format. Evidently, there is no increase 
in stabilizer effectiveness for deflections beyond -20 deg. Thus, an important piece 
of information could be missed if the data are accessed solely on the basis of incre- 
mental jet-induced forces and moments. Hence, it is recommended that both the in- 
cremental force (or momeht) and lift coefficient data format be used for data analysis 
at forward speed. 
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Test Results 


During the course of experimental investigations conducted by Grumman Aero- 
space Corporation certain results have come to light which have general applications 
with respect to jet-induced interference effects testing. These are: 

• Forward speed data are relatively invariant with tunnel speed 

In forward speed (i.e., transition or STOL flight), aerodynamic and/or 
interference parameters can be expressed as functions of either of two 
thrust parameters : 

- Effective velocity ratio 

^EFF ~ ^^j^EFF ~ 

- Thrust coefficient 


®reF 


where: Aj = Nozzle exit area 

= Freestream dynamic pressure 

T = Gross thrust 

= Reference wing area 
REF ” 

In the wind tunnel, variation in either of these parameters may be attained by 
varying either tlmist or dynamic pressure. It was found more advisable to 
keep freestream dynamic pressure constant (from both balance sizing and 
tunnel operating envelope considerations) and vary thnist. The question 
then arose whether a variation in thrust produces the same physical result as a 
variation |n freestream dynamic pressure. Figure 8 illustrates the results 
of a series of tests conducted at three different values of tunnel speed. These 
results indicate that the variations in lift with power setting are relatively in- 
variant with tunnel speed 

• Out-of-ground effect jet-induced interference characteristics are relatively 
insensitive to angle of attack 

Configmrations evaluated experimentally by Grumman to date have exhibited 
jet -induced Interference characteristics which are relatively Invariant with 
angle of attack for the out-of-ground-effect (i.e. , transition) flight mode. 
Typical results are shown in Fig. 9. Data are presented in both total aero- 
dynamic coefficient and incremental jet- induced Interference formats. Both 
show that for preliminary design purposes jet-induced interference effects 
may be assumed to be invariant with angle of attack 
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• Wind tunnel models must accurately simulate the jet-exit configuration 

The effects of adding sldeplates to the lift/cruise engine nozzles of Design 
623 are shown in Fig. 10. Although the importance of accurately simulating 
nozzle exit geometric characteristics is obtdous, these data are shown to 
illustrate the differences in levels of jet-induced interference characteristics 
which can be obtained if one is not careful in accurately simulating aircraft 
geometry. 

An example of a large effect caused by a less obvious configuration component 
is illustrated by the effect of adding rear nozzle doors on Design 607A , as 
depicted in Fig. 11. Date presented in both formats show a noticeable detri- 
mental effect at forward speed. Although one tends to overlook the refine- 
ment of such minor details as these durii^ the initial stages of preliminary 
design, they might prove to have a significant effect on the levels of jet- 
induced interference 

• The lift engine may be a major contributor to jet interference at forward speed 

Figure 12 shows the contribution which the lift and lift/cruise engines make to 
the total loss in lift at forward speed. Examples are shown for two widely 
different V/STOL designs. The open symbols denote data for Design 623 (a 
single lift and twin-pod-mounted lift/cruise engine concept). The closed 
ssonbols correspond to Design 607A, a configuration having two lift engines and 
a single lift/cruise rear-mounted engine. The relative strength of the jets are 
widely different for the two designs (the ratio of lift to lift/cruise thrust being 
1.33 for Design 607A and 0.57 for Design 623). 

Despite these differences , both configurations exhibit flat variations in lift co- 
efficient for the lift/cruise jet on case, as compared to the data for the lift 
jets on only. As a ntunerical example, consider data for Design 623 (the open 
symbols). At a thrust coefficient of 4. 0/ the total lift coefficient (aerodynamic 
plus jet-induced interference) is -0.055. To examine the separate con- 
tributions of each jet, one must select the thrust coefficient which was used 
to obtain the total for the aircraft. For a total thrust coefficient of 4. 0, the 
corresponding values of lift and lift/cruise engine thrust are 1.45 and 2.55, 
respectively. At these values, one can note that almost twice as much de- 
gradation in lift is due to the isolated lift jet than the isolated lift/cruise jet. 
The remaining amount of lift degradation is attributable to interference effects 
between both engines . 

Note that although both configurations have different contributions to total lift, 
the lift engine is the major contributor in both cases 

HOT-GAS REINGESTION TESTING 

Grumman has conducted several hot-gas reingestion and ground footprint test 
programs at VFW-Fokker for the VAK-191B and Grumman Design 623 aircraft. These 
discussions will highlight some of the latest reingestion results from the Design 623 
test program. 
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Test Facility & Technique 


A 1/I2'scale model (Fig. 13), was tested in VFW-Fokker's gas dynamic facility 
in Bremen, Federal Republic of Germany. The facility is capable of providing super- . 
sonic hot-gas flow to simulate exhaust conditions and has suction capability to simulate 
inlet mass flow. The aircraft was movinted over a ground plane with a moveable door. 

A test run was conducted with the door open to get baseline temperature measurements , 
then with the door closed to get actual data, and then again with the door open to get 
a new baseline. Each test run averaged 2 min. Wind was provided by a fan located off 
the test rig. The facility is vented to avoid excessive increases in ambient temperature. 

As with other jet-induced testing, significant detail must be paid to accurately 
simulating configuration details.. However, reingestion tests are critically dependent 
on accurately simulating the exact inlet and exhaust flow conditions. 

Earlier VFW testing indicated that the level of inlet temperature rise measured 
was related directly to inlet Mach number (see Fig. 14.) Other types of test techniques, 
such as aspirated thermocouples, may measure local ambient conditions very accura- 
tely but cannot affect the hot-gas flow passing by the inlet. In most cases inlet 
suction is required to "suck in" the masses of hot-gas flow which pass an inlet at 
significant speeds. Additionally, inlet suction should be varied with exhaust flow 
to accurately simiilate full-scale conditions. 

To simulate exhaust flow, each nozzle is calibrated to ensure that an accurate 
pressure profile exists, as shown in Fig. 15. The pressure distributions are integrated 
to establish thrust vector angle as a function of nozzle deflection angle. In addition, 
upstream pressure is correlated to exhaust pressure and is checked for each nm. 

Exhaust gas temperatures are measured both upstream of the nozzle and at the 
exhaust plane for each run. Thermocouple locations are chosen iteratively to ensure 
repeatability. 

Data Analysis 


Inlet temperature rise is measured by high-response (0.2 sec) thermocouples 
located at the engine face in each inlet. Figure 16 illustrates the thermocouple (T/C) 
location and distribution for each rake. All three engine rakes have 12 T/Cs positioned 
in inner and outer rings. More thermocouples were chosen for the outer ring where 
the largest difference in inlet delta-T is anticipated. 

Inlet temperature rise is arrived at by conducting a regression analysis for each 
T/C to establish mean inlet temperatures. The T/C mean readings are then averaged 
by its region of influence to determine the average inlet temperature rise. Note that 
the outer T/Cs are responsible for one-half the area of the inner T/Cs. The average 
inlet temperature rise is then compared to the ambient temperature measured at 
several locations to establish inlet delta-T due to hot-gas reingestion. 

Test Results 


During the course of this investigation, certain demonstrated results have general 
application with respect to hot-gas reingestion testing: 
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• Inlet temperature rise may be a strong function of jet deflection ai^le 

It is well known that reingestion decreases with jet deflection. Figure 
17 highlights the significance of this trend. For a configuration like 
Design 623, inlet temperature rise reduces dramatically with jet de- 
flection. Large jet deflection armies used for rolling VTOs or for 
STOs can reduce reingestion to a negligible amount as compared to a 
pure 90/90 case. More important, however, is the large reduction at 
smaller angles. A 10 -deg jet deflection can reduce re Ingestion by 
70-^90%. That is, if a pure VTO experiences 100°F of reingestion, a 
10-deg deflection can reduce that to a tolerable 10°F. In addition, a 
10-deg deflection still results in an aircraft thrust/weight above one. 
Therefore, hot-gas reh^estlon can be avoided and still have a pure 
VTO 

• Reingestion is sensitive to both wind and aircraft altitude 

During the test program several variables were Investigated, includii^ the 
effects of wind and height. Figure 18 highlights some of these results. Most 
V/STOL designs are soisitive to wind direction and velocity. Design 623 has 
its hot-gas flow channeled \mderneath the fuselage along the podded nacelles. 
This arrangement makes it vulnerable to headwinds . Some of the high-speed 
gas flow passes the inlet under static conditions. However, increasing wind 
velocity can push these gases back into the inlet. The other criterion, 
height above ground, is also sensitive. Design 623, like most V/STOL air- 
craft, reaches a height where relngestion is greatest. Above that, reingestion 
will dissipate quickly 

The point to be made is that in developing or testing a viable V/STOL design, 
one must ascertain the worst wind and height conditions, not just static con- 
ditions 

• Reingestion is dependent upon thrust split 

Lift plus lift/cruise aircraft will have a fountain and/or upwash somewhere 
between the forward and rear jets. The location and inclination angle of this 
fountain is associated directly with the level of reingestion experienced. Air- 
craft having weak (low- thrust) forward jets may experience a forward-facing 
fountain which provides a good source of hot gas close to the inlet. Figure 18 
illustrates the trend with thrust split. The lift engine must contribute a 
significant portion of total thrust to minimize reingestion. This trend 
should be considered in the preliminary design of any V/STOL aircraft 

• Auxiliary doors are necessary to reduce reingestion 

Design 623 incorporates auxiliary doors on the top of each inlet to provide 
increased static pressure recovery. In line with the research considerations 
given to this type of testing, it was decided to close these doors to determine 
their effect on temperature rise. Figure 18 depicts one such condition where 
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inlet temperature rise more than doubled with the auxiliary door closed. 

This trend was anticipated because a region of cool air existed above the 
nacelle. The message, however, is: test several locations for the auxil- 
iary inlet to determine the optimum location but always keep the door open 

• Temperature distortion is as critical as average inlet temperature rise 

Figure 19 has been included to illustrate the magnitude of inlet temperature 
distortion which may be ej^erienced dvtring each takeoff or landing. These 
data indicate that severe circumfrential and radial distortions can occur. 
Therefore, one must not only be concerned with absolute levels of reingestion 
but on how badly the inlet flow is distorted. To ensure the successful de- 
velopment of futmre V/STOL aircraft, more emphasis must be placed on the 
allowable temperature distortion for an engine and how it affects stall 


CONCLUSIONS 

Test programs designed to evaluate jet-induced effects are vital in a develop- 
ment program. Testing technique is well in hand but not imiversally adopted. 
More attention should be paid to data analysis, and classical trends are be- 
coming evident However, more needs to be done to analytically m i nim ize 
test requirements. Grumman has been working on methodoligies to predict 
these phenomena, but still lacks necessary empirical data. It is recommended, 
therefore, that more research-oriented tests be conducted to provide the 
reqtdred information on jet entrainment, scaling laws, and non-uniform 
nozzle exhaust flow, both in- and out-of-ground effect. 
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REiNGESTION 


SUCKDOWN 


GROSS 
THRUST 
LOSS, % 




RESULT 

A 30,000-LB AIRCRAFT WHICH HAS 15% THRUST 
LOSS DUE TO JET-INDUCED EFFECTS: 

• LOSES AVAILABLE VTO FUEL 

^33% DECREASE IN RADIUS, OR 

• MUST OVERSIZE EACH ENGINE 
^15% INCREASE IN TOGW 

THEREFORE 

JET-INDUCED LOSSES MUST BE: 

• MINIMIZED, AND 

• ACCOUNTED FOR ACCURATELY 

Fig. 1 Importance of Jet-Induced Effects 
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Fig. 2 1/8-Scafe Model of Twin OLE, Single LCE Design 607A 





DUAL IMG &' 

COLD-GAS DUCT iNOM-METniCI 


MOZZtLg AI:R 
EXTcPMAl SOURCE 


'i'H SCALE 

j'ii-i RG LASS iViODE I 


623 in BAC 5.5-m V/STOL Tunnel 


Fig. 3 Single DLE, Twin LCE 
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Fig. 4 Non-Metric Sting/Manifold/Nozzle Assembly 



Fig. 5 Example of Metric/Non-Metric Model Construction 
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Fig. 8 Forward-Speed Data vs Thrust Coefficient 
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Fig. 9 OGE Angle-of-Attack Considerations 
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Fig. 10 Improperly Configured Model 
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Fig. 1 1 Configuration Detail 


280 


OPEN SYMBOLS: SINGLE LIFT ENGINE + TWO 



Fig. 12 Lift Engine Contribution 
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OLESUCTiON 


VECTORABLE 


Fig. 14 Induction System Simulation 
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Fig. 15 Exhaust System Calibration 
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DIRECT-LIFT INLET 


LIFT/CRUISE INLET 




MEAN T/C READINGS 
ARE AVERAGED BY 
REGION OF INFLUENCE 


TYPICAL RAKE 



HIGH-RESPONSE (0.2 SEC) 
T/Cs, 12/RAKE 


REGRESSION ANALYSIS 
CONDUCTED TO ATTAIN 
MEAN INLET TEMP 
FOR APPROX 60 POINTS/RUN 


Fig. 16 Thermocouple Location & Distribution 
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AVERAGE JET DEFLECTION ANGLE, DEG 


Fig. 17 Sensitivity to Jet Deflection 




HEADWIND, KT 



Fig. 18 Effect of Test 
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Forces and Moments Produced on a Two-Dimensional Body in a Strong 
Lift-Jet/Airframe/Ground Interaction * 

by 

D. R. Kotansky and W. W. Bower 


McDonnell Douglas Research Laboratories 
McDonnell Douglas Corporation 
St. Louis, Missouri 63166 


Abstract 

The prediction of induced forces and moments on VTOL aircraft in close ground effect is 
critical to the sizing of propulsion systems, the specification of thrust vectoring requirements, 
and the design of aircraft control systems. Theoretical prediction of the required aerodynamic 
forces and moments is severely complicated by the strongly viscous (turbulent) nature of the 
flowfields and the complex geometries involved. In addition to these very fundamental compli- 
cations, the effects of density variations, environmental cross-winds, and flow unsteadiness must 
frequently be considered. 

In an effort to begin the development of comprehensive theoretical methods for the predic- 
tion of these types of flowfields, an experimental and theoretical investigation of the viscous 
flowfield, including forces and moments, produced on a two-dimensional body with a centered, 
vectorable lift-jet in close proximity to a ground surface has been initiated. The current objectives 
of this investigation are: (1) to compute the viscous flowfield about the physical model utilizing 
one or more currently available turbulence models in a finite-difference solution of the governing 
elliptic equations of motion, and (2) to measure significant flowfield properties and forces and 
moments on the physical model as a result of the lift-jet/model-surface/ground interaction in a 
two-dimensional static experiment. These initial efforts, both theoretical and experimental, are 
limited to two-dimensional and incompressible flow, but can be extended to include compressi- 
bility and cross-flow effects. Nozzle height above ground, h/D, lift-jet thrust vector angle, and 
jet Reynolds number are the primary variables, and emphasis is placed on the prediction and 
measurement of induced forces and moments for small values of h/D, i.e., 0.5 <h/D < 5.0. 

The rationale, specific objectives of both the theoretical and experimental programs, progress 
to date, and the long-range objectives are discussed. Emphasis is placed on the necessity for in- 
cluding a fully-elliptic solution to the viscous flowfield with an appropriate turbulence model 
and on the need for accurate, detailed experimental data on model forces and moments, turbu- 
lence properties, and external flow entrainment by the jet in the experimental model flowfield. 

*This research was conducted under the McDonnell Douglas Independent Research and 
Development Program. 
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Introduction 


The design of VTOL aircraft equipped with powered lift-jet or powered lift-augmentation systems requires a know- 
ledge of the complicated flowfield associated with the operation of these devices over a wide range of aircraft operat- 
ing conditions. Of particular importance are the flowfield interactions resulting from the operation of these types of 
aircraft in proximity to the ground where strong interactions frequently occur between the lift-jet stream, airframe 
surfaces, and the ground. These interactions usually result in the introduction of generally unpredictable forces on 
the airframe which can be positive (providing additional lift) or negative, in which case a nominally designed propul- 
sion system may not provide sufficient thrust for an adequately controlled take-off. In addition to these induced net 
loads, situations are encountered where unfavorable moments are produced on the airframe resulting in significant 
stability and control problems. 

The induced forces (and moments) in ground proximity usually result from one of two reasonably well defined 
viscous flow phenomena, jet entrainment and the formation of jet flow fountains. These two basic interactions are 
indicated schematically in Fig. 1. Jet entrainment causes otherwise static air to be set into motion, resulting in locally 
reduced static pressures on nearby airframe surfaces and thus introducing aerodynamic loads. The jet entrainment 
effect occurs both in and out of regions influenced by the presence of the ground, but is frequently accentuated as 
the distance between the jet source (nozzle exit) and the ground is reduced. This effect is illustrated by basic data 
obtained by NASA on the induced loads on a circular plate through which a relatively small diameter jet emanates. 

The induced loads on the plate as a fraction of the jet thrust, AL/T, are shown in Fig. 2a as a function of h/D^, the 
ratio of jet exit height above ground to jet exit diameter. This is shown for two plate-surface to jet-exit area ratios 
S/Aj. The data clearly show the increase in magnitude of the negative induced force as the height above ground is 
reduced (and also as the surface area ratio is increased). The data shown were obtained by direct measurement of the 
forces on the plate by a force balance, as described in Ref. 1 . Similar data for a delta-winged aircraft model are shown 
in Fig. 2b. ^ Other data supporting this general type of behavior with small-scale model tests with a single jet in 
ground effect can be found in Refs. 2 and 3. Hall"^ has verified similar behavior utilizing a large-scale flat plate and a 
single lift jet supplied by a J-85 engine. 
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Fig. 1 VTOL flowfield interactions in ground effect 
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Fig. 2 NASA interaction test (Ref. 1) 

Although the jet entrainment effect occurs both in and out of ground proximity, the formation of jet flow foun- 
tains requires an impingement surface and, therefore, is peculiar to operation close to the ground. The formation of 
fountains is also configuration-dependent in that multiple jets are required and the relative location and spacing be- 
tween the jets are strongly influential factors. The recirculation of jet flow caused by fountains sometimes results in 
a positive ground effect,^ which is a result of the positive pressurization of airframe surfaces containing and deflect- 
ing the upward flow of the fountains. Because of the upward convection of the lift-jet stream in the fountains, a deg- 
radation of propulsion system performance frequently results through exhaust-gas ingestion. In this respect, fountains 
can be seriously detrimental to VTOL aircraft performance in ground proximity. Induced aerodynamic force data on 
a number of VTOL aircraft configurations in ground effect with multiple lift-jets can be found in Ref. 6. These data 
are particularly interesting in that a double change in the sense of induced forces occurs for certain configurations 
with widely spaced lift-jets in close ground proximity. 

In summary, the aerodynamics of VTOL aircraft are influenced by a number of geometric parameters and the 
viscous (turbulent) nature of the local flowfield. Significant VTOL flowfield interactions and their effects on aero- 
dynamic performance in ground effect are summarized in Fig. 3. The general prediction of these tlowfields and re- 
sulting aerodynamic forces for arbitrary aircraft configurations is undoubtedly many years off, and it may never be 
economically feasible to rely solely on theoretical predictions. However, it is possible with present state-of-the-art 
knowledge to synthesize useful solutions for well-defined viscous tlowfields about airframe components of significant 
current interest. It is to this objective that the work described herein is directed: the prediction of viscous flowfields, 
including induced forces, about selected aerodynamic shapes with self-contained lift-jets in ground proximity for a 
well-defined set of flow conditions. 


Approach 

In view of the complexities of VTOL powered lift-jet/airframe/ground interactions, current design and develop- 
ment practice is to approach the investigation of these problem areas experimentally. This is necessitated by a gen- 
eral lack of prediction methods except for a few special cases which have been modeled empirically. These works in- 
clude those of Wyatt^ for single lift-jets and a recently developed empirical method by Louisse and Marshall^ for 
twin lifting jets which includes the favorable effect of a fountain. These methods are useful for the prediction of in- 


9Qn 





duced loads on certain configurations but are limited to vertical flight conditions and otherwise static external flow- 
fields. If generally useful prediction methods for VTOL flowfields are to be developed, they must be physically de- 
scriptive to allow parametric variation of significant aircraft and environmental variables, i.e., we must be able to 
study the effects of variations in basic aircraft geometry, height above ground, jet impingement angle, number of jets 
and nozzle exit spacing, aircraft pitch and roll, and cross-wind effects. 
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Fig. 3 VTOL flowfield interactions in ground effect 

To achieve these predictive capabilities, a number of approaches are possible; some are suggested in Fig. 4 with 
major advantages, disadvantages, and projected capabilities. No additional discussion of approaches (1) or (2) is re- 
quired. Approach (3) basically consists of potential fiow models of the irrotational flowfield induced by jet entrain- 
ment. This is accomplished using “sinks” whose strengths are determined from experimental measurements of jet 
entrainment. This technique has been applied by WygnanskiS,9 to infinite flat plates and elliptic cylinders in static 
external flowfields out of ground effects. Since experimental values of turbulent jet entrainment are required, appli- 
cation of this technique to VTOL flowfields in which strong interactions with the ground occur presents a difficult ex- 
perimental measurement problem. Also, modeling of fountains by this method is impossible since flowfields contain- 
ing jets and fountains are fundamentally rotational. 

Approach (4) consists of modeling the lift-jet/airframe/ground interaction flowfield by patching together avail- 
able analytical models for jet entrainment, jet impingement, wall jet boundary layers, etc. as required to complete the 
flowfield in question. This method would permit some viscous effects to be included, but in general would be very 
cumbersome and subject to serious questions about the accuracy of patching the various flowfield regions. 

Approach (5 ) consists of solving the complete flowfield interaction together with appropriate boundary conditions 
using the fully-elliptic mathematical description of the fluid dynamics of the flow. This is accomplished by solving 
the partial-differential equations of continuity and momentum (time averaged Navier-Stokes equations) together with 
a one- or two-equation model of turbulence. Solutions of this type are discussed in detail by Gosman et al.^^ This 
approach includes all the fluid dynamics of the physical problem in a time-averaged sense and is a great simplification 
over the ultimate solution. Approach (6), which at tire present time is considered intractable. 

McDonnell Douglas Research Laboratories (MDRL) has initiated a theoretical and experimental program to de- 
velop a computational technique for the prediction of VTOL lift-jet/airframe/ground interaction flowfields through 
the solution of the time-averaged elliptic flowfield equations as in Approach (5) of Fig. 4. The selection of this approach 
was based largely on the requirement for a solution of the complete subsonic flowfield with viscous effects without 
resorting to the patchwork method of Approach (4), and the additional requirement that the effort can be extended 
to include computation of cross-winds, compressibility, and temperature fields. The requirements of the initial effort 
are presented in Fig. 5. 

The selected viscous interaction problem, shown schematically in Fig. 6, consists of a two-dimensional jet eman- 
ating from a body surface representative of an airframe component lower surface and located in proximity to a planar 
ground surface. The flowfield surrounding the interaction region far from the jet source is static, i.e., there is no trans- 
lational velocity of the jet source. The entire flowfield is steaHv and two-dimensional in the mean sense, and density 
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deferences are small such that the flowfield can initially be assumed to be incompressible. The major variables are 
(1) cross-sectional shape and characteristic length of the simulated airframe component, (2) height above ground of 
the jet exit, h/De, and (3) angle jS of impingement of the jet on the planar ground surface. These major variables are 
included in both the theoretical and experimental investigations. 
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Fig. 4 Prediction of lift-jet/airframe/ground interactions 
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• Prediction of jet entrainment 

• Fully elliptic solution with no boundary layer type approximations 

• Application to arbitrary body shapes 

• Capability to include compressibility effects 

• Inclusion of static pressure field in solution 

• Application to two- and three-dimensional geometries 
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Fig. 5 VTOL flowfield prediction; theoretical model requirements 



Fig. 6 Lift-jet/airframe/ground/interaction: interaction parameters 


This study of the viscous lift-jet/airframe/ground interaction problem in two dimensions has been formulated to 
facilitate theoretical modeling of the interaction without the greatly increased effort required for the three-dimensional 
approach. The two-dimensional formulation also results in a simplified experimental test program, although care must 
be exercised to ensure two-dimensionality of the test model flowfield. It should be noted that only in a two-dimen- 
sional configuration of this type is it possible to vector the lift-jet and create an asymmetric jet impingement while 
maintaining two-dimensionality in the entire flowfield. This will provide an opportunity to investiage and model 
mathematically the effect of the asymmetry on jet entrainment. These theoretical and experimental efforts, in addi- 
tion to proving the utility of the methods to be developed for three-dimensional flowfields, have a direct application 
to a number of VTOL interaction problems that are basically two-dimensional or not strongly three-dimensional. 

These include the following: (1) ejector-driven, augmentor-wing, high-lift systems, (2) direct lift systems with closely 
spaced, multiple jet exits in which the jet streams merge before ground impingement, and (3) wing trailing-edge slot 
blowing (jet flap) systems. 
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Experimental Program 

An experimental investigation of the viscous flowfield occurring between simulated airframe undersurfaces and 
the ground in the presence of a two-dimensional lift-jet will be conducted. Specific objectives are (1) to explore the 
dominant characteristics of the viscous interaction flowfield and define acceptable free flowfield region boundaries 
and boundary conditions, (2) to obtain detailed measurements of mean and turbulent flow properties in the jet/static 
flowfield interaction region characterized by high turbulent entrainment rates, and (3) to measure the induced forces 
on simulated airframe undersurfaces in ground effect over a range of test variables known to significantly influence 
the magnitude of these forces. These measurements are required to implement and evaluate the theoretical modeling 
of the viscous interaction flowfield and to provide needed interaction data on induced forces in close ground effect. 

Consideration of available in-house test facilities, the desirability of a fairly large model to facilitate the numerous 
experimental measurements required, and the requirement for a complete mathematical description of the two-dimen- 
sional flowfield, led to the selection of a model with a symmetrical, modihed-oval cross section with a jet exit slot 
width of 1.5 in. The general arrangement of the test configuration is shown in Fig. 7. The length of the jet slot is 
60 in. which results in a jet slot aspect ratio of 40: 1 and a model aspect ratio of approximately 4.3 : 1 . A cross- 
sectional view of the model which shows the selected outer profile shape is shown in Fig. 8. The two-dimensional 
nozzle and plenum assembly, as shown in this figure, can be vectored to 30 deg on either side of the model center- 
line. This is required to enable later testing of nonsymmetrical body shapes. Additionally, the high-pressure plenum 
assembly is structurally independent of the outer body to facilitate changes in body shape. The large aspect-ratio 
jet exit slot and model endplates are utilized to assure two-dimensionality of the turbulent jet and entrained flowfield 
in the region of measurement. As shown in Figs. 7 and 8, the center lower panel of the model is metric, and induced 
forces and moments on the simulated airframe undersurface will be measured directly with a two-component strain 
gage force balance installed within the model. Two-dimensionality of the flowfield will be established by static pres- 
sure measurements on the ground plane and on the nonmetric model surface. Additional checks of two-dimensionality 
will be made with jet flowfield rake pressure instrumentation. A summary of model parametric capabilities is pre- 
sented in Fig. 9. 



Fig. 7 Test detail and instrumentation: two-dimensional lift-jet/airframe/ 
ground interaction experiment 
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Strain gage balance 



-Outer skin metric 

Fig. 8 Two-dimensional lift-jet/ground/interaction model; cross-section view 
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• Height-above-ground variable from h/Dg = 0.5 to h/Dg = 30 

• Two-dimensional jet slot vectoring angle range -30® to +30® from vertical 

• Jet exit Mach number up to 1 .0 

• Model outer shape as desired 

• Cross flow velocity up to wind tunnel capability 
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Fig. 9 Model parametric capabilities 


The high-pressure plenum and nozzle assembly is supplied with clean air at a pressure in excess of 300 psig. This 
results in a low-velocity supply to the upper chamber eliminating large lateral velocities. The first stage of pressure 
reduction occurs through a heavy porous plate with approximately 4% open area. Subsequent pressure reductions 
occur through a second porous plate and a jet exit screen with approximate porosities of 30% and 60%, respectively. 

The first test series will provide detailed flow measurements and induced forces on the model undersurface for 
height-above-ground to jet-exit-slot width ratios of 0.5 to 5.0 for jet-exit velocity -vector angles of 0 and 30 deg with 
respect to vertical. In addition to measuring the induced forces on the simulated airframe undersurface, detailed 
measurements of the viscous flowfleld in the interaction region will be made. These will consist of local flow direction 
determinations using directionally sensitive “cobra” probes, static pressure measurements on the simulated airframe 
and ground surfaces, and hot-wire anemometer measurements of turbulent flow properties primarily in the regions of 
strong jet entrainment. The initial tests will be conducted in the incompressible flow regime with jet exit slot Reynolds 
numbers varying up to 250,000. Once two-dimensionality is established, emphasis will be placed on the detailed 
measurement of four or five experimental configurations including one flat plate configuration. Measurements will in- 
clude surveys of the flowfield at some distance from the model to establish representative flowfield boundaries and 
boundary conditions. Nominal test conditions for the initial test runs are given in Fig. 10. 
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Fig. 10 Test conditions for initial experiments involving 
extensive flowfield measurements 

Fabrication of the model was initiated in June 1975 and will be completed by the end of August. The first test 
series is planned for late September 1975. The model will be tested in the McDonnell Mini-Speed Wind Tunnel (MSWT) 
located in St. Louis, Missouri. The MSWT is an additional tunnel leg and test section added to the McDonnell Low- 
Speed Wind Tunnel (LSWT). It is an open-circuit, open-throat tunnel with the 15 ft high, 20 ft wide, and 20 ft long 
test section enclosed within a 50 ft high, 60 ft wide, and 50 ft long building. The test section includes an adjustable- 
height, moving-belt ground plane. Airflow provided by the LSWT drive motor and fan is diverted to the MSWT for 
testing in the 0 to 65 knots speed range. Continuous auxiliary air pressure of 300 psig and flow in excess of 20 Ib/s, 
suction capability of 13 Ib/s at 0.5 atm, or combinations of pressure and suction are available at the model. Model and 
balance data are recorded on a 20-channel CSC magnetic tape system with fmal data computed on the SEL 8 lOA 
computer located on site. 


Analytical Program 

In order to obtain detailed and accurate distributions of the flow properties associated with a strong lift-jet/air- 
frame/ground interaction, a numerical solution of the time-averaged Navier-Stokes equations is required. Inviscid 
analyses are inadequate, even with displacement thickness corrections, since the flowfield, which contains pressure 
gradients in both coordinate directions, is not compatible with the boundary layer approximations. 

The present approach is to solve the time-averaged Navier-Stokes equations for steady, plane, incompressible flow 
to describe the mean motion of the fluid for a flowfield associated with a configuration such as that shown in Fig. 6. 
This effort involves two problems: formulating a system of equations to describe the turbulence and developing a 
numerical procedure to accurately solve the flowfield equations. 

In the current work, the turbulent kinetic energy equation derived by Wolfshteinll will be used in combination 
with constitutive equations to relate the turbulent kinetic energy to the turbulent stresses that arise in the time-averaged 
Navier-Stokes equations. This turbulence model incorporates a turbulent viscosity length scale, a turbulence energy 
•dissipation length scale, and five empirical constants, and it relates the square root of the turbulent kinetic energy 
directly to the turbulent viscosity. The accuracy of the turbulence model will be established on the basis of compari- 
sons of computed flow properties and those measured in the complementary ground interaction test program. 

The second problem, the development of numerical procedures to solve the flow equations, has received the most 
attention to date in the theoretical portion of the lift-jet/airframe/ground interaction study. The coupled elliptic 
partial differential equations which describe the flow are nonlinear, and, numerical procedures are necessary to obtain 
a solution. The method of approach that has been adopted is illustrated in Fig. 1 1 . Initially attention has been focused 
on solution of the governing equations for laminar jet impingement problems in rectangular domains.This has involved 
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calculation of the stream function and vorticity distributions and the associated distributions of velocity and pressure 
for a range of Reynolds numbers. The next step in the analysis is to solve the turbulent flow equations for the same 
rectangular domains and, finally, to extend the procedures to domains with an irregular upper boundary that simulates 
an airframe undersurface. 
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Fig. 1 1 Development of the lift-jet/airframe/ground interaction calculation scheme 


The first task, the solution of the laminar-flow equations for a parallel-plate configuration, has been completed. 
The governing equations are the vorticity transport equation and the Poisson equation for the stream function. The 
former equation is derived by differentiating the x-momentum equation with respect to y , subtracting from this the 
y-momentum equation that has been differentiated with respect to x, and introducing the defining equation for 
vorticity. The Poisson equation for the stream function is obtained by substituting the defining equations for the 


297 















stream function into the defining equation for the vorticity. The two equations are normalized and then 
discretized using the augmented -central- difference finite-difference algorithm derived by Hoffman. 12 xhe 
resulting nonlinear finite-difference equations are solved through iteration using relaxation procedures. 

Once the vorticity and stream function distributions are calculated, the problem of computing the distributions of 
the velocity components and static pressure remains. The latter, of course, is the property of greatest interest in the 
lift"jet/airframe/ground interaction analysis. The velocity components are easily calculated from the discretized forms 
of the defining equations for the stream function, but the pressure field is not solved so easily. This is reflected in the 
observation made by Roachel3 that many papers on Navier-Stokes solutions published as late as the 1960’s do not 
contain pressure solutions, and others contain pressure solutions that are erroneous. The latter point deserves 
elaboration. 

The most straight-forward approach in calculating the pressure field is to start at an arbitrary point in the flow with 
an arbitrary pressure level and numerically integrate the pressure gradients in the two coordinate directions as given 
by the discretized x- andy-momentum equations. In theory, the solution should be independent of the path of inte- 
gration, but in practice this is not the case since quadrature errors can lead to different answers for different paths. 

A more accurate solution can be obtained through solution of the Poisson equation for pressure. This equation is 
derived by adding the x-derivative of the x-momentum equation to the y-derivative of the y-momentum equation. The 
complexity associated with the solution of this equation is that the magnitude of the pressure is not known at the 
boundaries; only the pressure gradients as given by the two momentum equations are known. That is, the Poisson 
equation for pressure must be solved subject to Neumann rather than Dirichlet boundary conditions, and using 
iterative techniques the level of the solution drifts. To avoid this problem, a “direct-solver” approach has been devel- 
oped, at MDRL which provides a computationally rapid and accurate solution of the pressure field without iteration. 

The two configurations investigated in the laminar-flow studies are shown in Fig. 12. The geometry shown in 
Fig. 12a is the one analyzed by Gosman et al.l^ A developed jet, for which the normal velocity distribution is speci- 
fied as a function of x, enters the upper free boundary and strikes the ground at a distance of one entrance jet diam- 
eter from the upper boundary. The right and left boundaries are each one entrance jet diameter from the jet center- 
line. With the normal velocity component specified analytically and with the tangential velocity component taken as 
zero, the vorticity and stream function distributions at the jet entrance plane follow immediately from their defining 
equations. Along the remainder of the upper boundary, the flow is taken to be irrotational and normal to the free sur- 
face. At the right boundary the flow is taken to be parallel to the wall, which provides homogeneous Neumann bound- 
ary conditions on the vorticity and stream function. Along the wall, Dirichlet conditions on co and xjj result from the 
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Fig. 12 Flow configurations and boundary conditions 
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no-slip and impermeable wall velocity constraints, and along the jet centerline, Dirichlet conditions on co and \[j result 
from the flow symmetry. Since the flowfield is geometrically symmetric about the jet axis, only the region to the right 
of the centerline need be solved. 

The geometry shown in Fig. 12b is similar to the one described except for the presence of a wall bounding the jet 
at the upper surface. The entrance normal velocity component is taken to be uniform over 80% of the entrance jet 
width and then to decay to zero with a cubic variation; the tangential component is taken as zero. The boundary con- 
ditions are the same as for the previous geometry except at the upper wall where the no-slip and impermeable wall 
conditions lead to Dirichlet conditions on co and \p. The flow is solved only for the half-plane to take advantage of 
geometric symmetry. 

Figure 13 illustrates the comparison of the vorticity and stream function distributions for the configuration shown 
in Fig. 12a as computed in the present work and by Gosman et al.l^ The solutions are shown for Reynolds numbers 
of 1 and 1000 (based on the width and properties of the jet at the entrance plane) and illustrate good agreement be- 
tween the two different finite-difference schemes. 

The distributions of the velocity components and static pressure (which Gosman et al. did not report in Ref. 10) 
are shown in Fig. 14 for Re = 1000. The x-component of velocity is negative near the upper right-hand corner of the 
solution domain. The relatively large gradients of the x-component of velocity near the wall reflect the development 
of a boundary layer. The plot of the y velocity component clearly depicts the decay of normal velocity as the jet nears 
the ground. In the calculation of static pressure through a direct solution of the Poisson equation, the jet centerline 
pressure at the upper boundary is set to zero. The contour plot illustrates the increase in pressure going toward the 
stagnation point. 

Figure 15 shows the flow properties computed in the present work for the laminar jet impingement flow between 
two parallel plates at a Reynolds number of 1000. The contour plot of the x-component of velocity shows the 
boundary layer growth on the upper and lower surfaces, with separation occurring on the upper surface. Compared 
with the profile shown in Fig. 14, the flow witli the nearly uniform entrance profile results in the flow experiencing 
greater normal velocities througliout the field. The corresponding static pressure contours are shown for a value of 
zero pressure at the upper boundary jet centerline. The pressure is, of course, lower in the vicinity of the upper right 
corner for the flow geometry with a bounding upper surface as compared with the geometry with a free boundary. 

The next step in the artalysis, which is currently in progress, is to solve the turbulent-flow equations for the geom- 
etries shown in Fig. 12. Comparisons will be made with the solutions of Gosman et al.l^ for the configuration in 
Fig. 12a and with data to be acquired in the MDRL test program for the configuration in Fig. 12b. The final step 
in the planned sequence is to solve the turbulent flow equations using conformal mapping procedures for the 
modified-oval upper boundary shape investigated in the experimental program. 

Concluding Remarks 

Following completion of the experimental and analytical studies of the two-dimensional configuration, compari- 
sons will be made between the measured and predicted flow properties to determine the scope of further required 
analytical efforts. Poor agreement will necessitate developing a more detailed turbulence model. 

Future experimental work will be conducted to determine the infiuence of the jet impingement angle, Reynolds 
number, and nozzle height above ground on the fiowfield in a more extensive parametric study. Future analytical 
efforts in this area include incorporation of tlie two-dimensional energy equation in the analysis to predict compressi- 
bility effects and a feasibility study of extending the procedure to simple three-dimensional geometries. 
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EXHAUST GAS REINGESTION STUDIES ON 

LIFT-ENGINE VTOL FIGHTER CONFIGURATIONS 

Jerry V. Kirk* and Jerry P. Barrack^ 

Ames Research Center, NASA 
Moffett Field, California 94035 


ABSTRACT 

Recirculation of exhaust gas from a lifting engine back into the engine inlet, called reingestion, 
has proven to be one of the difficult operating problems for jet-powered VTOL aircraft. This paper 
summarizes the results of studies of the reingestion characteristics of two different lift-engine 
mounting arrangements on a configuration simulating a supersonic VTOL aircraft. The investigation 
includes static tests and wind-tunnel tests in ground effect of a large-scale model powered by J-85 
engines. The results indicate that the reingestion environment in both cases is very severe and will 
probably require the development of special facilities and techniques for successful flight operations. 

NOTATION 


D 

inlet or exit diameter, in. (cm) 

H 

height of model above ground, in. (cm) 

rpm 

corrected engine rpm 


V 

velocity, f/s or knots 


a 

angle of attack, deg 


P 

density, slugs/ft^ 


a 

engine angle from horizontal, deg 

Subscripts 


AV 

average 


c 

lift-cruise engine 

max maximum 

j 

jet 

min minimum 

L 

lift engine 

0 free stream 


*Operations Manager, Large-Scale Aerodynamics Branch. 
^Aerospace Engineer, Advanced Aircraft Studies Office. 
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INTRODUCTION 


Flight Research on experimental aircraft with jet engines to provide Lift revealed that reinges- 
tion of exhaust gases is a major problem that cannot ordy cause a hover performance reduction but 
is potentially dangerous because of the possibility of a catastrophic loss of the Hft engines. As a 
result, considerable experimental research on this problem was conducted in the 1960’s. Some of 
this research is presented in references 1—3. This paper summarizes the reingestion research done 
statically and at forward speed on a large-scale model of a lift-engine-powered VTOL fighter aircraft, 
using J-85 engines to simulate the lifting powerplants. The effect of various parameters on reinges- 
tion and techniques for reducing reingestion are discussed and research on reingestion prediction 
techniques is suggested. 

STATIC REINGESTION 
Reingestion Flow Fields 

Flow from multiple engine VTOL aircraft can be broken into two types, the far field and the 
near field. The far field is that flow which escapes the immediate location of the airplane, then, 
because of its buoyancy due to a relatively high temperature, rises. The rising flow is constantly 
being replaced by new, hot exhaust gas, so that a large-scale recirculation pattern, several airplane 
dimensions in size is set up. Thrust losses while hovering in a fixed position increase as the local 
hot air mass degrades engine performance. This type of reingestion is sensitive to wind conditions. 
The other type, near field ingestion, behaves somewhat differently and can have more serious 
results. In the near field of the jet flow, the exhaust stream lies close to the ground unless it meets 
a stream from another engine. When this occurs, a fountain is formed (fig. 1 ). This fountain of 
high velocity hot air is directed up and may find its way into an engine inlet. In this case, engine 
surge may occur because of the inlet temperature distortion caused by the fountain of hot air. The 
fountain is neutrally stable, thus the location is affected by very small winds, difference in power 
settings, or other anomalies that may occur. This fountain, as it impinges on the airframe may 
cause an upload that provides positive ground effect. However, because of the fountain’s lack of 
stability, this may appear as buffeting to a pilot and be objectionable. Because of this lack of 
stability, the flow from the fountains into the inlet can be periodic and the actual temperature rise 
difficult to predict. 


Test Setup 

Figures 2 and 3 are photographs of the model with the two lift-engine arrangements mounted 
on the Ames Static Test Facility. Details of the models can be found in references 1-3. The model 
had a wingspan of 24 ft (7.32 m). Figure 2 shows the swiveling lift-engine arrangement with four 
J-85’s for the lift engines, and two J-85’s for the lift/cruise engines. Figure 3 shows the same 
arrangement excepting that the three internally mounted J-85’s were substituted for the four 
swiveling engines. This version of the model had conical, bifurcated, and slot nozzles available for 
the lifting engines. 

The model propulsion system was fitted with dynamic instrumentation to measure exhaust 
gas pressure and inlet temperature. Because of the periodic nature of the flow, thermocouple 
response time can be a problem. In this case, the finest thermocouple wire that could withstand 
the environment was used [5 mils (0.00013 m) with a time constant of 30 milliseconds] . 
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The technique used for the static tests was to start all engines and set the engines at 70% rpm. 
All engines were then accelerated together rapidly (about 3 seconds) to full throttle. Data were 
then taken for 30 seconds before power was reduced. 

Reingestton Test Results 

Swiveling lift engines. — Figure 4 shows the variation with time of exhaust gas pressure and 
the reading of one thermocouple in the lift-engine inlets. The thermocouple chosen was the one 
with the largest transient response. In this case, both the lift and lift/cruise engines were exhausting 
vertically, and the model was at a height-to-diameter ratio of 5. The munber 4 engine stalled at SVz 
seconds, with a measured average temperature rise of 144°F (65°C), but the maximiun temperature 
gradient was about 1000°F/s (539® C/s). If thermocouple response is accounted for (ref. 4), the 
numbers are 157°F (67°C) and 1700°F/s (925®C/s). Maximum temperatures were recorded in the 
3 to 6 o’clock portion of the inlet. The other three engines appeared to have no problem. 

Similar results, with the swiveling engines at 80® from horizontal, are shown in figure 5. In 
this case, engine number 4 ran for 11 seconds before surge, however engine thrust degradation 
began several seconds earlier, as shown by the exhaust pressure trace. The measmed average 
temperature rise was 90° F (32°C) with a temperature gradient of 1200®F/s (648®C/s). Allowing 
for thennocouple lag, these figures become 132®F (56® C) and 2100°F/s (1 150° C/s). Again, the 
other three engines had little problem. 

Figure 6 shows data with the swiveling engines at 70° from horizontal. There was very little 
reingestion and no problems. 

Figure 7 shows the variation with time of rpm, average inlet temperature, and distortion index 
for engines 1 and 2, with the lift engines at 80°, and with 5° cant. The inlet temperature of both 
engines were about the same for SVz seconds when a transient gust of hot air entered the inlet of 
engine 2. Subsequently, number 2 engine stalled in 1 second. The measured average inlet tempera- 
ture was 180®F (83® C) at stall and the distortion index was 0.2. 

With the swiveling lift engines, numbers 2 and 4 surged much more often than 1 and 3, indi- 
cating that the fountain came up the side of the fuselage and was deflected off the lower surface of 
the wing into inlets 2 and 4. These engines, ingesting the hot gas, protected engines 1 and 3. On the 
other hand, the wing protected the cruise engines so that they were not a problem. 

Figure 8 shows the temperature rise, thrust loss, and lift loss as a function of swivel angle for 
an H/D = 5. The large temperature rise with the swivel engines at 90° causes a 25% thrust and lift 
loss. By changing the swivel angle to 80°, the temperature rise is greatly reduced and the thrust loss 
is significantly lessened. As shown by the curve, the swivel angle for maximum lift is 70° to 80® 
rather than 90°. This suggests that a slant rather than vertical takeoff may be the desirable opera- 
tional procedure for some lift-engine fighter designs. ’ 

Internally-mounted lift engines. — Figure 9 shows the conical, bifurcated, and slotted nozzles 
used on the model with internally-mounted lift engines. With the conical nozzles, reingestion was 
so severe that the engines could not be accelerated without surge of at least one engine. Figure 1 0 
shows, the temperature and exhaust gas pressure time history with bifurcated nozzle 90® from the 
horizontal. Engine number 1 stalled 2 seconds from time zero, and then engine number 2 began to 
reingest and stalled 14 seconds later. Approximately 0.4 second prior to stall, engine number 1 
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experienced measured gradients of 1000°F/s (539“C/s) with a temperature rise of 60®F (15°C), 
however, at stall, the corresponding figures were 500°F/s (260°C/s) and 26‘’F (-3°C) [1450°F/s 
(787°C/s) and 44°F (7°C) with thermocouple lag corrected] . Vectoring the exhaust to .75° from 
horizontal essentially removed the reingestion problem (fig. 11). 

Temperature rise and thrust loss as a function of exhaust vector angle for the model with 
internally-mounted hft engines is shown on. figure 12. With the conical nozzles, it was impossible 
to get data at 90° vector an^e, so that curve stops at 80°. With bufurcated and slot nozzles, the 
temperature rise at 80° and 90° vector angles produced a 10 to 15% thrust loss with a correspond- 
ing lift loss. Since the engines could not be operated continuously at 80° and 90°, this result 
depends on providing engines with improved compressor stall margin. Addition of doors to the 
bottom of the fuselage with the bifurcated nozzles reduced thrust loss about 4%. As with swiveling 
lift engines, it appears that slant takeoff operations are feasible. 

Engine tolerance to temperature rise. — Figure 13 relates temperature rise at stall inception 
with temperature rise rate at stall (ref. 5). The two curves are for full admission and half admission 
of hot gases at the compressor face. The data points on the figure are from the stalls shown in 
figures 4 through 1 1 of this investigation. Good agreement is shown for one of the stalls. The other 
three stalls show lower rates of temperature rise but tolerance to high average temperature rise 
before stall. This discrepancy may have been caused by the highly distorted flow across the com- 
pressor face, or different compressor characteristics. In some cases, high localized temperatures 
were measured at the compressor face of the J-85 without stall. The shift of the operating line 
caused by small localized “hot spots” was probably small enough to allow the compressor to adjust 
to the mismatch. On the other hand, lower distortion levels occurring over a large portion of the 
compressor face appeared to induce compressor stall more readily. 

Effect of height and exhaust vectoring. — Figure 14 summarizes static reingestion character- 
istics with both swiveling and intemally-fixed lift engine mountings. The hghtly shaded area 
re.presents the combinations of vector angle and height where engine surge would be expected. The 
heavily shaded area represents where ingestion is heavy and surge may occur. Only the swiveling, 
retractable configuration could be vectored forward (90° to 1 10°). Of the four ground heights 
tested (H/D = 2.5, 5.0, 7.5, and 9.7), height-diameter ratios between 5 and 7.5 were the worst for 
ingestion. Results shown are general and are for a no wind condition. The engine toe-out angle for 
the swiveling-lift engines was 15°, but the results at 0° are similar. Of the three exhaust nozzles 
tested with the intemally-fixed lift engines, the slotted sound-suppressor nozzles produced some- 
what lower temperature gradients and average inlet temperatures than the conical or bifurcated 
nozzle; however, with exhaust vector angles of 80° and 90°, the engines stalled regardless of 
exhaust nozzle installation. 

Although no forward vectoring (90° to 110°) was accomplished with the internally-fixed 
configuration, due to a limitation in the thrust vectoring system, there is no reason to believe the 
results would be different from those shown for the swiveling, retractable configuration. 

Proper vectoring of the lift engines forward and hft-cruise engines aft to balance moment, 
provided thrust-to-weight ratios are adequate, should provide VTOL capability to both configura- 
tions, however, both arrangements could also perform slant takeoffs with a vector angle of about 
75°. 
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Design for Low Reingestion 

Reference 6 presents studies of the effect of inlet location and wing placement on reingestion 
characteristics. These results indicate that a low wing is beneficial in suppressing flow from the 
fountain, which will protect cruise-engine inlets located above the wing as well as the hft-engine 
inlets. Several inlet arrangements with low static reingestion were found, thus it should be possible, 
with appropriate configuration control, to eliminate static reingestion as a major problem, which 
leaves the question of reingestion at low fomard speeds. 

EFFECT OF FORWARD SPEED ON REINGESTION 
Test Arrangements and Procedures 

Figures 15 and 16 show the model mounted in the Ames 40- by 80-Foot Wind Timnel at two 
different heights. The model arrangement is the same as in the static reingestion study. The 
reingestion instrumentation is also the same. Reingestion data were obtained by running the wind 
tunnel at a velocity where reingestion did not occur, setting engine power, then decreasing wind 
tunnel velocity continuously while continuously recording inlet thermocouple and exhaust gas 
pressure data. These data were obtained for two ground heights, several exhaust gas deflection 
angles, and several power settings. 

Reingestion Flow Patterns at Forward Speed 

Reingestion flow patterns vary considerably with speed. Figure 17 shows exhaust flow patterns 
at relatively high forward speeds where ingestion does not occur. At these speeds, the exhaust gas is 
rapidly mixed with surrounding air and is swept back under the aircraft without causing a problem. 

At somewhat lower speeds (fig. 18), the exhaust gas flows forward, rises, and blows back into the 
engine inlets. This type of ingestion becomes more severe down to a certain speed and then im- 
proves as the circulation path becomes larger and approaches the far field flow discussed for static 
reingestion. Finally, as shown in figure 19, for some configurations fountains are found at low speed 
so that the flow field closely resembles that of near field static reingestion. 

Reingestion at Forward Speed 

Figure 20 shows the typical variation of tunnel speed and temperature from lift-engine inlet number 
1 as a function of time for lift engines at 90°. Figure 2 1 shows the variation with time of tempera- 
ture distortion index and average temperature for inlet number 1 with the same configurations as 
for figure 20. This reingestion appears to be more regular in character than reingestion at zero 
velocity. Although not shown, reingestion continued and distortion increased until at 17 knots, 
the average temperature rise was 177°F(85°C) and distortion was 0.16. 

Figure 22 shows similar data for engine 2. The high distortion from onset is believed to be 
ingestion of compressor bleed air, which could be eliminated. 

It is apparent that high values of average temperature and distortion can occur when lift-engine 
VTOL aircraft operate near the ground. Figure 23 shows reingestion boundaries for the model air- 
craft studied here. The points chosen to define the boundaries are illustrated in figure 20 and are 
labeled “reingestion first occurred”. The lift-engine angle as a function of nondimensional momen- 
tum ratio for reingestion onset is shown for two ground heights. At lift-engine angles of about 73° 



and 84°, reingestion can be completely avoided at ground heights of 5.6 and 12.7 nozzle diameters, 
respectively. As the lift engines were vectored more vertically, reingestion occurred. Therefore, to 
avoid reingestion completely, transition would have to be made at a height greater than 12.7 nozzle 
diameters, thereby increasing the transition time required and fuel burned, which may compromise 
the aircraft mission. 

theoretical PREDICTION OF REINGESnON 

Prediction of reingestion is in its infancy. Both far-field and near-field flows involve turbulent 
mixing and the aerodynamics of separated flow, thus detailed definition of flow characteristics such 
as distortion index or even average temperature rise is not possible at this time. Possible theoretical 
approaches are suggested in the following discussions. 

Far-Field Reingestion 

The flow field of the exhaust gas along the ground resembles a wall jet. Turbulent mixing and 
stability calculations may be used to predict the separation of the jet from the ground and buoyancy, 
and heat-transfer calculations may provide estimates of the characteristics of the surrounding air 
and thus provide a temperature rise and corresponding thrust loss as a function of time. Adding 
atmospheric anomalies such as winds and the ground boundary layer would further complicate the 
calculations. For hover conditions, this calculation may not be worth the effort, however, the 
calculation also bears on ingestion at forward speed, which can have serious effects. It then would 
seem that the important factors which need to be included in a theoretical calculation are airplane 
speed and height and the far-field characteristics of the gas being ingested. This would provide 
predictions of reingestion at forward speed near the ground. 

Near-Field Reingestion 

Study of an aircraft configuration will give an indication of the location of fountains and thus 
a gross indication of a reingestion problem that may cause engine surge. However, to define the 
strength, turbulence, and temperature content of the fountains is impossible at the present time. A 
first appropriate step may be a potential flow analysis that includes a finite element representation 
of the aircraft, ground, and jets. This flow model could be expected to define fountain strength, 
location, and possibly the ratio of free air to exhaust gas ingested in the inlet. Perhaps then sources 
could be added to the jet representation to simulate turbulent mixing and temperature reduction. 
With information such 'as this, it would be possible to analytically study the relative ingestion prob- 
lems of different configurations. Representation of the periodic nature of the fountain flow is 
beyond the current state-of-the-art. Analytical work to describe near-field reingestion flow fields 
is seriously lacking. Efforts in this direction should be encouraged. 

CONCLUDING REMARKS 

The results presented in this paper show that exhaust gas reingestion for lift-engine-powered 
VTOL aircraft can severely limit VTOL operational capability. The aircraft must be designed to 
minimize reingestion the operation must be restricted to specially prepared sites, or operational 
techniques must be developed to avoid reingestion. These studies showed that a zero-length slant 
takeoff rather than a VTOL takeoff can probably avoid reingestion at takeoff. However, techniques 
for a zero-length landing are not clear. Aircraft configured as those studied herein may be incapable 
of VTOL landings, indicating that design of lift-engine VTOL fighters to minimize reingestion may 
be essential unless it is acceptable to limit operation to specially prepared sites. 
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Analytical evaluation of reingestion characteristics will be extremely difficult because turbulent 
mixing, periodic, and separated flows are involved. Nevertheless, techniques using simplifying 
assumption can yield valuable information and should be developed. 
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Figure 1.— Short-path, high-temperature rise flow patterns (fountain effect). 



Figure 2. Model with swiveling retractable lift engines mounted on Ames static test stand. 




Figure 3.— Model with intemally-fixed lift engines mounted on Ames static test stand. 
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igure 4.- Time histon- of exhaust gas pressure and inlet temperature for the swiveling 
retractable configuration with high ingestion. 
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Figure 5.- Time history of exhaust gas pressure and inlet temperature for the swiveling 
retractable configuration with high ingestion. 
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Figure 7.— Variation with time of rpm average inlet temperature and distortion index for engines 1 
and 2 for the swiveling retractable configuration, at ul = 80° and engine cant angle = 5°. 
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Figure 12. Temperature rise and thrust loss as a function of exhaust vector angle for the 

internally-fixed configuration. 
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Figure 14.- Genera] operating boundaries for lift engine fighter model. 
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Figure 15.— Swiveling-retractable lift-engine model mounted in Ames 40- by 80-Foot Wind Tunnel. 



Figure 1 6. Internally-fixed lift-engine model mounted in Ames 40- by 80-Foot Wind Tunnel 

atH/D = 12.7. 



Figure 17.- Mechanism of reingestion: with high forward speed, no reingestion, 



Figure ] 9.- Mechanism of rei 
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Figure 21.— Variation with time of temperature distortion index and average temperature for 
inlet number 1 as a function of time, at = 90° and H/D = 5.6. 
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Figure 22.— Variation with time of temperature distortion index and average temperature for 
inlet number 2 as a function of time, at ctl ~ ^0° and H/D = 5.6. 




GROUND FOOTPRINT THEORETICAL & EXPERIMENTAL STUDIES 


W. Barron & H. Frauenberger 
Grumman Aerospace Corporation 
Bethpage, New York 11714 


ABSTRACT 

The development of a general methodology is outlined for analyzii^ the jet- 
induced ground footprint and hot gas upwash characteristics of V/STOL aircraft. 

Some unique features of the methodology are noted and its analytical and experimental 
basis are discussed. A comparison is made of predicted vs test data. Requirements 
for additional test data are indicated, to Improve prediction capabilities. The re- 
sults of hot gas tests of V/STOL scale models are also shown, noting the effects of 
aircraft design and operational variables on footprint characteristics. 

SYMBOLS 

a = nozzle characteristic function 

C = cosine distribution coefficient 

Cjj = nozzle mass discharge coefficient 

Ctt = nozzle heat discharge coefficient 

H 

D = nozzle diameter 

H = nozzle height above ground 

I = Momentum 

= Constant (Exhaust Nozzle Geometry) 

K = Constant 

k = Constant 

APt, = (p- p„)/(Pj - p„) 

Pr = Pj/P, 

R = Radial distance from impingement point 

AT^ =' {T-T^)/(Tj-T«,) 

Tr = Tj/T«, 

X = distance from nozzle exit 

<t> - azimuth angle 
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<r - inclination angle 
9 „ = grotuid impingement angle 

o 

0^ = ground turning angle 

y = cp/cv 

fp = axial correlation parameter 

f = axial correlation parameter 
T 

ft = crosswind ratio 

SUBSCRIPTS 

J = jet exit 

p = pressure 

T = temperature 

t = total 

00 = ambient 


INTRODUCTION 


Grumman realizes the importance of developing prediction techniques for 
analysis of complex jet-airframe interaction problems and has actively supported 
these efforts through Independent Research and Development (IR&D) funding. 

This presentation concerns itself with prediction techniques for jet- lift v/STOL 
aircraft ground footprints and upwash. The problem of inlet re-ingestion is intimately 
related to ground footprint and is a part of our methodology development but is not 
treated in this presentation due to space and time limitations. Several objectives. 

Fig. 1, are considered in the presentation. These are addressed in subsequent illus- 
trations. 


FLOW FIELD DESCRIPTION 


Figure 2 depicts a jet-lift V/STOL aircraft hovering in groxmd effect, together 
with its recirculating exhaijst gas flow field. The complete flow field is comprised 
of a number of subregions as defined below: 

• Inner Region - A region externally bounded by the lines connecting the jet 
impingement points on the ground plane 

• Outer Region - The entire flow field excluding the iimer region 
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• Free Jet - The region immediately downstream of the exhaust nozzles where 
a jet plume is developed. The free jet excludes the region in proximity to 
the ground where ground plane and turning effects exist 

• Stagnation Region - (Groxmd Impingement Region) Characterized by a small 
region of zero velocity and a significant directional change of the inflowing 
mass 

• Wall Jet - The wall jet is characterized as a radially spreading flow out- 
ward along the grouM plane from the jet impingement stagnation region. 
Separation from the ground eventually results from wind and/or buoyancy 
effects (outer region) or the interaction with other wall jets 

• Far Field - The region originating at the wall jet separation point in which 
the hot gases rise in a diffuse "cloud" due to buoyancy. Winds strongly in- 
fluence the location of this region and may cause reingestion by blowing the 
separated hot gases toward the inlets 

• Stagnation Line - A locus defining the stagnation points of interacting wall 
jets. The wall jets separate from the ground along this locus into a two 
dimensional upwash. 

• Foimtain - A region of relatively strong upwash located at the intersection 
of inner region stagnation lines 

METHODOLOGY DEVELOPMENT 

Approach 


Grumman's approach to methodology development is indicated in Fig. 3. Start- 
ing with the semi-empirical methodologies of Ref. 1 and 2, their scope was extended 
through the development of characteristic functions for rectangular nozzles, applica- 
tion to general aircraft configurations, scaling, etc. The resulting methodology was 
then computerized. Correlation with new data (component, model and full scale) is 
used to improve the methodology. Modifications are made on the basis of these cor- 
relations and the need for additional experimental data is determined. The iterative 
process continues until satisfactory correlation is achieved. 


Data Sources 


Data for methodology verification and/or modification has been obtained from 
several sources. (See Fig. 4.) 

Grumman’ s Research Department conducted tests on multi -nozzle arrangements 
at low pressure ratios. Impingement pressures were in very good agreement with 
predicted values. Details of these tests are available in Ref. 3. 

The Grumman Advanced Development V/STOL Nozzle Test program provided 
free jet decay data for nozzles with aspect ratios of 1.0, 2.0, and 3.5 and several 
approach Mach numbers. These data correlated well for circular nozzles and were 
used to develop decay relationships for aspect ratios up to 3. 5 and approach Mach 
number effects for flow turning at the nozzle inlet. 
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A series of flow field tests utilizing the Grununan V/ STOL hover test rig with 
a 1/8-scale model of Design 607A were conducted. Pressure data for free-jets and 
wall jets agreed well with predictions (Fig. 9 and Ref. 4). 

Extensive hot gas testing at VFW-Fokker in Bremen, Germany on models of 
the VAK-191B and Grumman Design 623 has produced considerable flow-field data. 
Details of the tests and correlations of some data are presented later. Additional 
testing of Design 623 is scheduled to start in September. Limited full scale VAK-191B 
test data has also been received. 

Analysis Elements 

To develop a methodology for generalized configurations, a systematic approach to 
the flow field analysis is required. The elements of the Grumman methodology are indi- 
cated in Fig. 5. Configuration independent calculation techniques for each of these 
elements are outlined in Fig. 6 and discussed below. An additional element of the com- 
plete methodology relates to inlet temperature rise prediction. 

FLOW FIELD ANALYSES 


Free & Wall Jets 


Equations for free jet and wall jet decay of circular nozzles are available. 

Those used in the methodology are presented in Fig. 7. The following are items of 
interest in the analysis. 

Free jet calculations for high aspect ratio nozzles and approach Mach number/ 
turning effects are accomplished utilizing circular nozzle decay equations and an 
appropriate coordinate shift in the dimensionless distance from the jet exit plane 
(X/D). The coordinate shift relationships are empirical. 

An inclined jet impinging on the ground distorts the groimd plane isobars and 
isotherms. By applying the proper cosine distribution to the wall jet decay equations 
Isobars and isotherm profiles are predictable, showing reasonably good agreement 
with test data. 

Analysis of wall jet test data from Design 623 model tests and external sources 
indicates significantly lower temperature decay rates in wall jets approaching stag- 
nation lines. Additional data is required to evaluate the influence of stagnation lines 
on wall jet pressure and temperature decay. 

A preliminary model for high aspect ratio wall jets has been developed. The 
analysis uses basic wall jet decay equations and an approximation of the mass flow 
split on impingement to predict isobars and isotherms. Additional test data is needed 
to verify this model. Such data will be obtained in the Design 623 model test series 
beginning in September. 

Two sets of equations are presented for the free jet and wall jet regions in 
Fig. 7. The initial set are basically those of reference 1, modified for inclined jets. 
Consistently good correlation with test data has been obtained with the free jet equa- 
tions while correlation with wall jet temperature data has been somewhat inconsistent. 
Changing the exponent -. 09 to -. 15 and multiplying the entire equation by a factor of 
1. 413 5 delds better correlation with some data. 
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The equations presented as alternates are those used by VFW-Fokker. It is 
interesting to note that both pressure ratio and temperature ratio appear in the wall 
jet relationships. The constants Ki, K 2 , K 3 » and must be determined empirically. 

Stagnation Lines 


The locus of stagnation lines between interacting wall jets is obtained by balanc- 
ing wall jet total pressure components normal to the stagnation line. Since initially 
the stagnation locus is unknown an iterative procedure is required. The temperature 
at any point of a stagnation line is determined from an energy balance of the inflowing 
wall jet temperatures at that point. These inflowing wall jet temperatures are based 
on an equation for inner region wall jet decay. 

Separation Locus 


Neglecting buoyancy effects the upwind wall jet separation radius is defined by 
equal total pressures of wall jet and wind. At zero and low wind velocities buoyancy 
should be considered. By utilizing an empirical approach the interaction of buoyancy 
and winds is inherent in the equations. The shape of the separation locus for angles 
within ±90 of the upwind direction can be approximated by a cosine distribution. 

The equations for wall jet separation radius in Fig. 7 are derived from those 
presented in Ref. 1. A comparison of predictions with test data revealed large dis- 
crepancies at pressure ratios at or above 1.4. Correcting the equation by introducing 
the pressure ratio to the 1/4 power yielded good agreement with test data for pressure 
ratios up to 1. 9. The profile of the separation radii for angles within ±90 degrees of 
the upwind direction (j^ = 0) also agrees well with available data. 

Two-Dimensional Upwash 

Decay of the two-dimensional vipwash originating at the stagnation lines is calcu- 
lated as an imaginary free jet whose nozzle exit plane (virtual origin) is located some 
distance below the ground plane. The location of the virtual origin is a function of the 
temperature at a specific point on the stagnation line and the assumed exit conditions 
of. the imaginary free jet. Slipstream and upwash mass flows are defined by consider- 
ing momentum vectors coupled with the radially-spreading wall jet mass flow of the 
impinging free jets. 

The momentum relationships for two dimensional upwash are obtained from the 
VFW-Fokker recirculation methodology. The upwash and slipstream momentums 
are calculated for intervals along the stagnation line, with a summation process to 
determine the total slipstream momentum in an Interval. The upwash direction at a 
point is a function of the jet and slipstream momentum ratios at that point. 

Fountain 


The mutual interaction of three or more wall jets produces a three-dimensional 
upwash or fountain located at the intersection of the inner region stagnation lines. At 
its origin the fountain mass flow equals the summation of the inner region slipstream 
mass flows. The fountain is modeled and consequently analyzed as an equivalent free 
jet utilizing the same basic techniques used for two-dimensional upwash. Fountain 
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pressure and temperature decay rates are significantly less than those for two dimen- 
sional upwash. Inclination of the fountain is determined from the ratio of the inflow- 
ing momentum of the stagnation lines. Assuming S 3 aximetry of thrust levels about the 
aircraft center-line only fore and aft stagnation line momentum components need be 
considered. 


TEST DATA COMPARISONS 

A comparison of free jet pressure decay for the 1/8-scale hover test model of 
Design 607A is presented in Fig. 8. Rake measurements for five nozzles each with 
an aspect ratio of 1. 33 were made for non-dimensional distances from the jet exits 
of approximately 5 to 20. Predicted values compare favorably with measurements, 
averaging slightly higher. The scatter in the data is attributed to difficulties in lo- 
cating the jet center with the rake coupled with the effects of a choke plate immedi- 
ately upstream of the nozzle exit. 

Figure 9 presents upwind wall jet separation radii test data for three wind 
velocities and a range of nozzle pressure ratios from 1.4 to 1.9. The corresponding 
predictions using the methodology discussed earlier show reasonable agreement with 
the data with a donsistent trend to predict slightly smaller separation radii than mea- 
sured. Agreement of predictions with test data improves with increasing wind velocity 
and pressure ratio. 

A comparison of the calculated and measured wall jet separation locus for 
angles between 0 and ±90 degrees is presented in Fig. 10. Values have been normal- 
ized by the upwind separation radius. Excellent agreement is achieved over the en- 
tire range of angles utilizing the indicated cosine distribution. 

A comparison of predicted and measured pressure and temperature decay with 
height above the ground plane for a central fountain of a four jet group is presented in 
Fig. 11. Prediction techniques were those described previously for foimtains. Gen- 
erally good agreement is achieved for pressure with some underestimation near the 
ground for the lower H/D case. Temperature decay predictions are excellent for 
both cases at all elevations. 


MODEL TEST DATA 

Grumman has run extensive V/STOL hot gas model test programs during 1974 
jointly with the VFW-Fokker Company of Bremen, Germany, on a l/8-scale model of 
the VAK-191B and a l/12-scale model of Griunman Design 623. The VAK-191B has 
one direct lift engine (DLE) forward and one aft with a four-jet lift-cruise engine 
(LCE) centrally located. Design 623 has one DLE forward and two LCE's with aft 
nozzles. Photographs of these models are shown in Fig. 12 and 13. They are 
rigidly supported above a movable ground plane adjustable for airplane height, pitch 
and yaw. Both models include the capability for nozzle thrust vectoring over a wide 
range of angles. They are instrumented with high response thermocouples in the 
inlets, fuselage, nacelles and on the ground. Suction is provided in the inlets to sim- 
ulate inlet Mach no's. Maximum jet temperatures varied from 500°F to 1300°F in 
different tests, providing a broad base of temperature data. Nozzle pressure ratios 
were varied to simulate different engine thrust conditions. Cold flow tests were also 
run to provide flow visualization on the ground plane and to provide smoke and tu/t 
surveys of the flow around the models. 
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Ground Temperatures , 

Test results on VAK-191B model ground plane temperatures with the LCE only 
operating are shown in Fig. 14. These are compared with predictions based on the 
methodology outlined in the paper. Agreement between test and theory is good both 
inside and outside the region boxmded by the Impinging jets . 

Ground Flow Visualizatioti 

Figure 15 shows two ground footprint flow visualization pictures made for 
Grumman Design 623 at twe, sets of jet deflection angles. These determine the two- 
dimensional stagnation line patteins and foxmtain locations and also verify model 
thrust balance and jet alignment. The results show that aft deflection of the DLE and 
LCE jets from the original 90°/90° position causes a significant rearward bending 
and movement of the stagnation lines, and a corresponding aft shift of the foxmtain. 
This, together with fountain aft inclination,- would cause more rearward impingement 
of the upwash on the fiiselage and reduce the impingement gas temperatures. 

Figure 16 shows a comparison of calculated and measured stagnation line pat- 
terns for another jet deflection condition for Design 623, Close agreement in the 
line shapes and locations is evident, lending confidence to the calculation procedure. 

Groxmd Temperatures vs Jet Deflection 


Maximum groxmd temperatures at the simulated nose gear location for Design 
623 are shown in Fig. 17 for various rearward deflections of DLE and LCE jets. The 
deflection angle combinations were selected for aircraft thrust balance. The reduc- 
tion in the forward wall jet flow due to rearward jet inclination causes a significant 
decrease in these temperatures. The predominant influence is deflection of the DLE 
jet due to its location relative to the nose gear. The calcxxlated and measured temper- 
ature trends are similar, but temperature magnitudes differ significantly. From other 
groxmd temperature measurements, it appears that the nose gear thermocouple read- 
ings are somewhat high. 

Fountain Characteristics 


Figure 18 presents an analysis of the central fountain region of Design 623 for a 
series of tests in which jet nozzle exhaxxst angles were varied at constant thrust levels. 
As the DLE and LCE nozzles are rotated aft the location of the central fountain shifts 
rearward. The foxmtain inclination angle, initially canted forward 131.50 from the 
horizontal, changes significantly with nozzle angle assuming a nearly vertical ( 990 ) 
inclination at the 68/80 position. The predicted mass flow entering the fountain from 
the inflowing slipstreams decreases markedly from the initial 80/90 position. The 
foxintain base temperature increases only slightly as the fountain location moves closer 
to the hotter lift-cruise engine jets. The overall effects as expected, is a significant 
reduction in inlet ingestion levels with rearward nozzle rotation which was confirmed 
in the test program. 

Fuselage Temperature vs Jet Deflection & Thrust 


A comparison of measured and calculated maximum fuselage gas temperatures 
for Design 623 is shown in Fig. 19. These occur in the region where two-dimensional 
upwash between the LCE nozzles has a major influence on the results. The calcxilations 
underestimate the fuselage temperatiires when nozzle angles are more nearly vertical 
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but agree well at greater nozzle rearward deflections . The change in the trend 
appears to be due to interaction between fountain and two-dimensional upwash in this 
region. 

Design 623 test data on fuselage temperature distributions vs DLE and LCE jet 
deflection angles is shown in Fig. 20. A large change in temperatures occurs over the 
range of deflection angles shown. Peak fuselage temperatures occur well aft of the 
airplane C. G. at all an^es, but shift further aft as the jets are deflected aft. This 
is caused by the increasing aft inclination of both the central fountain and the two- 
dimensional upwash between the two LG E jets. This upwash makes a major contri- 
bution to the peak temperatures due to its higher temperature and shorter flow path 
to the fuselage vs that of the fountain. 

Figure 21 shows that increasing the DLE thrust level of Design 623 decreases 
the fuselage temperatures. The effects are small for the range of thixist levels 
tested. An increase in the DLE thrust has an effect equivalent to deflecting a jet of 
unchanged thrust, rearward. Fuselage temperature effects are therefore similar. 

The relationship between thrust change and equivalent jet deflection angle can be 
evaluated from the wall jet momentum relationships for inclined jets. The results of 
this calculation are shown in Fig. 22. 

Model Temperature Scaling 


An evaluation of temperature scaling was made during a series of Design 623 
model test runs. The range of LCE nozzle exit test temperatures was eSS^F to 
1305°F. The gas temperatures at several locations on the ground and fuselage were 
scaled up to a 3000° F equivalent full scale LCE nozzle temperature for each test 
condition. The results are shown in Fig. 23 as percentage changes in full scale tem- 
perature with changes in model test temperature, using the 655°F temperature as a 
reference baseline. Scaling is good, with only small percentage changes up to the 
maximtim test temperature. 
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• DEFINE RECIRCULATING FLOW FIELD 


• DISCUSS GRUMMAN METHODOLOGY FOR 
GENERAL CONFIGURATIONS 

• PROVIDE COMPARISONS OF CALCULATIONS 
WITH TEST DATA 

• DISCUSS MODEL TESTS OF DESIGN 623 & 
VAK-191B 
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Fig. 2 VTOL Aircraft Flow Fields 
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Fig. 3 Grumman Methodology Approach 
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Fig. 4 Program Validation— Data Sources 
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@ FREE-JET& WALL-JET P&T DECAY 

® STAGNATION-LINE LOCUS FOR MULTI-JET 
ARRANGEMENTS 

® WALL-JET SEPARATION LOCUS (WIND 
EFFECTS) 

® 2D UPWASH DECAY & DIRECTiON 
® FOUNTAIN LOCATION, DIRECTION, & DECAY 


Fig. 5 Analysis Elements 
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Fig. 6 Calculation Techniques 
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Fig. 7 Typical Equations 
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Fig. 14 Ground Plane Centerline Stagnation Temperatures 
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Fig. 15 Ground Footprints, Grumman Design 623 Tests 
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Fig. 16 Calculated Stagnation Locus & Temperature 
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Fig. 17 Gas Temperature at Nose Gear 


352 





TEMP, ° 


GRUMMAN DESIGN 623 PHASE I TESTS 


O MEASURED 
□ PREDICTED 



= 5dle/SlCE' 

= RUN NO. 


Fig. 19 Fuselage IVIaximum Gas Temperature 
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Fig. 20 Fuselage Gas Temperature vs Nozzle Deflection Angles 





% CHANGE 


• GRUMMAN DESIGN 623 PHASE I TESTS 

• MODEL REFERENCE = 655°F (0% CHANGE) 

• DATA SCALED TO 3000° F 


10 


FUSELAGE MAXIMUM 


0 




O 


10 




Fig. 23 Temperature Scaling Comparison 


VTOL REINGESTION MODEL TESTING OF FOUNTAIN CONTROL AND WIND EFFECTS 


Henry A. Weber 
A. Gay 

General Dynamics Convair Division 
San Diego, California 

ABSTRACT 

VTOL aircraft operating in ground effect are subject to hot gas reingestion, which induces 
thrust loss and/or engine stall. Direct measurements of intake reingestion levels have been 
made over a wide range of operating conditions and wind environments, using a powered 
aircraft model to reproduce typical VTOL aircraft reingestion patterns. In addition, a test 
program of a more fundamental nature was initiated, with the objective of obtaining a 
better understanding of the flow field processes involved, by a detailed study using relatively 
simple impinging jet geometries. The ultimate goal of this research is the development of an 
analytical methodology applicable to general configuration evaluations using a 
semi-empirical approach. 



NOMENCLATURE 


D Diameter inches 

H Height of aft lift nozzle exit plane above ground level, inches 

Vertical height of recirculation cloud, inches 
k Ratio of inlet to nozzle flow rate 

NPR Nozzle pressure ratio 

P Pressure, psia 

q Total pressure above ambient (P-p — Pqo) 

R Radius, inches 

T Temperature, F 

V Velocity, feet per second 

X Distance along model centerline, inches 

Y Distance lateral to model centerline, inches 
Greek Letters 

AT Temperature rise, F 

<j> Wind source direction, degrees 

00 Ambient condition 
Subscripts 

E Nozzle exit 

1 Inlet 

M Maximum value in ground jet profile 

N Nozzle 

0 Capture stream tube 

S Point of ground jet separation 

T Total 

WG Wind generator 


INTRODUCTION 

VTOL aircraft operating in ground flow field effect are subject to hot gas reingestion that can cause 
thrust loss and/or compressor surge. This phenomenon has been demonstrated on full-scale aircraft 
and on models representing various aircraft configurations and propulsion system arrangements. 
Previous investigators have shown that the external flow field established in ground effect is 
configuration-dependent and has a strong influence upon reingestion characteristics. Thus far, 
attempts at analytical determination of the flow field have been unsuccessful and correlation of 
empirical data has been limited to specific configurations. The problem is amplified by t.he strong 
influence of many operating parameters: aircraft height and attitude, ground surface geometry, and 
ambient wind direction and velocity. Development of an analytical methodology is required to 
minimize the expense of model testing of candidate VTOL aircraft/propulsion system 
configurations. To achieve this methodology, a semi-empirical approach is planned, using data from 
a variety of models tested under a broad range of test conditions. 
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The General Dynamics Convair recirculation and impingement model and initial data obtained 
with the model were described in Reference 1. Since that report, a wind generator has been 
constructed to extend the test matrix to include wind speed and direction. A parallel program, of a 
more fundamental nature, has been initiated to investigate the general properties of flow fields 
created by relatively simple impinging jet geometries. Flow field pressure probes, temperature 
probes, and flow visualization devices are used to obtain flow field surveys. Some initial results from 
this program that relate to the understanding of the reingestion problem are included, together with 
the recent results from the recirculation and impingement model. 

FLOW FIELD DESCRIPTION 

Figure 1 is a schematic representation of the flow of a single jet impinging on the ground. The free 
jet and the radially spreading ground jet entrain ambient air at the free boundaries. The mixing of 
entrained air with the hot gas thickens the jet and a decay in peak temperature and velocity occurs 
with distance. It must be noted that the jet flows are highly turbulent in nature and all references 
made here to local values of pressure, velocity, and temperature will be to the time-averaged mean 
values. 

Figure 2 shows schematically the flow field for a two-jet system. An' interaction occurs in the 
'opposing ground jets at the intersection of the x-y axes. The interaction flow is vertical between the 
nozzles but at some distance along the y axis the flow becomes virtually horizontal to form a 
“reinforced” ground jet. Confining attention to the region close to the x-y intersection, where the 
interaction flow has a strong vertical component, it can be noted that this upwash “fountain” acts 
like another free jet as it entrains surrounding fluid, thickens, and experiences a decay of peak total 
pressure (and peak velocity) and temperature. Other multijet systems will form similar interaction 
regions. 

Hot gas ingestion problems are generally considered to arise from near-field and far-field flow 
recirculation. The near- field problem is caused by interactions such as shown in Figure 2. Some of 
the hot fountain gases may reach the intake region after impinging on the aircraft undersurfaces and 
spreading (in a ground jet fashion) over the surfaces. Certain configurations are more prone to 
near-field ingestion than others. For example, top-mounted inlets protected from the upwash by 
large surfaces are generally more free from the problem than side intakes. 

Hot gas ingestion caused by near-field flows can be affected by ambient winds, since the 
velocity of the upwash flow may be considerably decayed from the nozzle exit velocity. In 
addition, changes in aircraft attitude relative to the ground may alter the direction of the upwash. 
Near-field ingestion problems must be eliminated or controlled by general design considerations of 
inlet-nozzle-vehicle geometry. In addition, it is possible to control or modify the near-field flows in 
certain cases by the use of deflecting surfaces on the vehicle. 

Far-field ingestion represents a different problem than can be explained by the single-jet 
example of Figure 1 . The ground jet flowing radially outward from impingement experiences a 
decay in velocity and temperature as ambient air is entrained and the jet thickens. In the absence of 
winds, a heated jet will eventually separate from the ground since the decay characteristics are such 
that buoyancy forces will eventually overcome the radial momentum, and the separated gases may 
drift toward the intake due to the induced flow field (caused mainly by the ink action of the 
entraining jets and, to a lesser extent, the inlet sink). The temperature of the recirculated gases in 
this case will be considerably lower than for typical near-field ingestion. Moreover, the time taken 
from start-up to establish far field recirculation of this type will be several orders of magnitude 
greater than the near-field recirculation ingestion; thus, far-field ingestion at zero or low headwind 
velocity may be overcome by vehicle operational procedures. 

The effect of winds on far field recirculation is considerable. The ground jet separates cloSer to 
the impingement region as wind velocity is increased, and separates at hi^er temperatures, since 
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decay of velocity and temperature in the ground jef is minimally affected by winds up to near the 
separation region. The recirculation gas cloud formal has a complex geometry, as it is subjected to 
wind forces and the sink action of the ground jet flows. Some properties of the recirculation flows 
are obtained in the next section. 

BASIC FIELD TESTING 

Extensive data on turbulent jets and analytical results is presently available in the literature for the 
free jet, and wall jet regions, mainly for subsonic jets and cold flow. To extend this data to ndzzle 
exit conditions more representative of V/STOL nozzles, and since only limited data is available in 
other important regions, a test program was conducted in the present research to investigate the 
general flow fields created by relatively simple geometries. These comprised mainly single jet 
impingement, althou^ some double-jet cases have also been studied. The major equipment for the 
test was existing hardware and models, but additional instrumentation was developed, comprising 
mainly sensitive field probes to include total pressure and temperature measurements. 
Approximately 60 to 80 point locations were monitored in most tests to specify characteristics of 
the flow field. Some tests were conducted in a controlled wind environment using the wind 
generator. Most of these experiments were conducted using 30-degree conical nozzles with exit 
diameters of 1.41 inches. In addition to extensive probing of the flow fields, smoke flow 
visualization tests were undertaken and movie records obtained to investigate certain aspects of the 
recirculation gas flow in the presence of headwinds. Results of these tests relating to the reingestion 
problem are summarized below. 

Figures 3 and 4 show the decay in peak property values of pressure and temperature in the 
ground jets created by single vertical jets. The ranges of conditions covered are indicated in the 
figures. Each point indicates a mean value from 24 experiments for the peak pressure decay curves 
and 12 experiments for the temperature curves. The data bands shown indicate the spread over all 
experiments. The curve of Figure 3 was derived analytically from profile shape and jet spread 
measurement and is represented by 

The curve of Figure 4 was derived from the limiting case of zero heat transfer to the ground plane, 
low exit velocity, and small nozzle total temperature increase above ambient and is represented by 

ATm/ATn= 1.124 (R/DnI'^-S^ 

Figure 5 shows two “stills” from the smoke visualization movies to illustrate flow field 
recirculation due to headwinds. The figure shows the ground jet separating or “peeling” when the 
decay of dynamic pressure in the ground jet is sufficient so that the ground jet radial momentum is 
overcome by the wind. Figure 5A was taken with vertical impingement, nozzle pressure ratio of 2.0, 
and wind velocity of 50 fps. Figure 5B represents an inclined jet case at a nozzle pressure ratio of 
2.0 and hj wind velocity of 20 fps. Inclining the jet results in a weak forward jet wash, which is 
relatively easily overcome by the wind forces. Figures 6 and 7 show the results of measurements of 
the important geometric parameters, separation distance Rg, and cloud height H^. Figure 6 show'- 
that the separation distance is represented by, 

y'^N = 0 . 61 (qN/qoo)''^^ 
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The mean separation distance Rg was fairly well defined for a given set of conditions, but the 
upper boundary of the cloud was generally not well defined. This was due to the diffuse nature of 
the smoke away from the separation region in addition to the high turbulence levels. Thus, a wide 
band is shown in Figure 7 within which the cloud upper boundary was contained when projecting 
the film records at hi^ speed. 


AIRCRAFT MODEL TESTING 


A 1/1 0-scale powered model of a typical lift-plus-lift-cruise VTOL fighter-attack aircraft (Figure 8) 
was constructed to obtain empirical data on the flow field parameters influencing reingestion. The 
model simulates an airplane having a delta wing-canard planform with two lift engines located in the 
forward section of the fuselage and a deflected cruise engine nozzle aft. To obtain maximum 
simulation capability, the model is designed to duplicate engine exhaust jet pressure conditions 
(nozzle pressure ratio of approximately 2.8) with scaled inlet and exhaust flow rates. Jet 
temperature levels are in the order of 1,OOOF in the cruise jet and 1,900F in the lift jets. 

The flow field generated by this lift-plus-lift-cruise model configuration is a composite of the 
ground jet interactions previously described for basic flow fields (Figures 9 and 10). In this case, an 
aft fountain is formed between the cmise and the aft lift jet. Another fountain may be formed 
between the lift jets, depending upon nozzle/ground geometric and flow parameters. The external 
flow field influencing inlet reingestion is thus characterized by: (1) three-dimensional ground jets 
(simple and reinforced), (2) fountain flows, (3) ambient air induced into the flow streams by 
entrainment, (4) interactions among all above elements, and (5) wind effects. 

The model built in 1974 (Figure 8) is a refurbished version of the 1972 model, reported in 
Reference 1. Results obtained with the 1972 model clearly indicated that a fountain formed 
between the lift jets caused high reingestion temperatures. Temperature level was minimized by 
converging the flow direction of the lift jets. In the 1974 model, the lift jet spacing was reduced 
from 1.9 to 1 .55 nozzle diameters to reduce fountain strength (Figure 1 1 ). The lift jets were shifted 
forward and canard position lowered to reflect full-scale aircraft design modifications. 

The recirculation and impingement test facility^ is used for testing the model over a ground 
plane with adjustable height and attitude. An ejector-driven wind generator, used to simulate 
ambient wind velocity, develops a 60-knot wind over an eight- by eight-foot area with consistent 
flow uniformity. 

The model is tested over a matrix of specific test parameters within the following ranges: 

Model height above ground: 3.1 to 10.5 lift nozzle diameters 


Model pitch: ±5 degrees 

Model roll: ±5 degrees 

Wind speed: 0 to 60 knots 

Wind direction: 90 degress to head-on 

Conventional wind tunnel instrumentation is used to record the test conditions as listed above. 
Flow field instrumentation includes high-response thermocouples at the engine inlets and at other 
selected locations in the external flow field. The external thermocouples are of the aspirated type to 
minimize radiation error. Electrical outputs of the individual thermocouples are traced on dynamic 
recorders so that a temperature-time history of the flow field is generated. 

During initial testing of the basic configuration (Figure 8), cruise inlet temperatures in the 
order of lOOF were recorded at the lowest model height tested (landing gear almost touching the 
ground plane). A comparison of the 1972 and 1974 model results (Figure 12) was disappointing 
since the reduced lift jet spacing had been expected to reduce fountain strength and, hence, 
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reingestion temperatures. Probing the external flow field with aspirated thermocouples revealed 
that, in fact, the forward fountain had been eliminated and that the current source of reingestion 
was the aft gases flowing forward under the fuselage. It is theorized that shifting the lift jets forward 
(Figure 11) reduced the entrainment strength of the lift jets in the critical area between wing and 
canard, thus allowing the aft fountain gases to flow forward into the cruise inlets. 

This hypothesis was confirmed in a series of tests that involved varying the canard setting angle 
and installing various types of deflectors under the fuselage (Figure 13). The deflectors were 
designed to divert the aft fountain gases laterally and away from the inlets. By rotating the canard 
so that the forward portion was brought closer to the lift jets, a local flow field was established that 
entrained the diverted aft fountain gases. The resulting effect on inlet temperature levels (Figure 14) 
indicates that both canard rotation and gas deflection are required to achieve manageable 
reingestion temperatures. The 25-degree value of canard rotation is the optimum setting achieved 
after evaluating settings from 0 to 45 degrees. 

The revised model (Figure 13) was then tested at various model heights, wind speeds, and 
directions using the wind generator. The resulting wind envelope (Figure 15) shows the relationship 
of inlet temperature rise for each inlet as a function of the major test variables. Most of the curves 
follow the expected trend — an initially low value of reingestion at zero wind speed is increased at 
intermediate wind speeds as the wind forces ground jet separation and carries hot gases back to the 
engine inlets. In most cases, wind speeds greater than 50 knots swept the hot gases under the model, 
diverting them from the inlet flow field. All four inlets demonstrate similar patterns and essentially 
the same temperature levels. This characteristic indicates that the gases returned by the wind are 
well mixed in a large enveloping cloud. 

The effect of pitch and roll on reingestion temperature level was minimal (Figure 16) for the 
revised configuration whereas previously reported characteristics^ for the 1972 model showed large 
increases in temperature - particularly for +5 -degree model pitch. The implication is that the flow 
field control established by this configuration overpowers distortions caused by model attitude 
changes within the test range. 

, Inlet flow of the basic configuration was varied from 0% to 1 00% of design flow to determine 
whether reingestion temperature levels were influenced by the inlet flow field strength (Figure 17). 
Aspirated thermocouples were used to minimize thermocouple radiation error at the zero-flow 
condition. Results indicated a relatively flat characteristic down to 40% of design flow with fair 
correlation between throat and aspirated thermocouples. The zero-flow readings, however, were 
considerably lower, indicating that test results from models without inlet flow fields should be 
viewed with caution. 

Lift jet temperature was varied from 500 to 1,200F and the resulting reingestion temperature 
level measured for both the basic configuration (Figure 8) and the revised configuration (Figure 13). 
The temperature lines are linear within the range investigated for lift and cruise inlets, as shown in 
Figure 18. The level and slope of each line is different, suggesting that the extrapolation of test 
results from low jet temperature models is an uncertain procedure. 


ANALYSIS OF WIND EFFECT 

An order-of-magnitude analysis based on the above results was made for the headwind conditions of 
the reingestion tests. Only the forward-facing side intakes were considered. 

The far-field recirculation source is the forward lift jets. The side intakes obtain air from an 
equivalent stream tube of diameter Dq. It is assumed that < < Rg and that the flow field is 
nearly two-dimensional close to the longitudinal axis head of the intakes. If the excess heat above 
ambient in the nozzle gases is conserved in the flow field, the recirculatory gases provide a mean 
excess temperature above ambient (ATj) of order 
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ATj 1 Dq 
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k 27rRg 

where k is the ratio of intake flow rate to nozzle flow rate. 

The variable Dq is related to the nozzle reference diameter, Dj^, for small intake temperature 
rise by 


Do/% 


Ve/v~ 
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where the nozzle reference diameter and exit conditions are taken for an equivalent conical nozzle 
to apply the previous results for the recirculation flow fields. 

Since there are two in-line lift jets, the question arises to the strength of the forward ground jet 
propagation. It was found during the basic flow field tests that for such closely spaced jets, the 
ground jet pressure decay is close to that for the forward jet impinging independently for low H/D; 
i.e., as in Figure 3. For hi^ H/D, the pressure decays less rapidly, tending to the characteristics of 
an equivalent nozzle diameter passing the combined mass flow. Thus, for this analysis, it is assumed 
that for the lowest H/D the hot gas source flow corresponded to a single lift-jet nozzle mass flow 
and for the highest H/D to both lift nozzles. 

By applying the conditions of the present reingestion tests in headwinds, with the value of R§ 
obtained from Figure 6, the curve of ATj versus wind velocity is obtained as shown in Figure 1 9. 
For operation at sufficiently high wind velocity, the curves of Figure 7 indicate that the 
recirculation gas cloud will pass below the intake capture tube. Thus, by taking the applicable ratio 
at the intake region of H^/Rg from Figure 7 as approximately 0.3, this effect was included in 
Figure 1 9 by taking a linear fall in ATj as the cloud decreased in hei^t from above to below the 
capture tube. The comparison with test data indicates that the order of magnitude estimates and 
trends agree to some extent with the test data shown. Intermediate values of H/D obtained during 
the tests indicated more scatter, however — particularly at H/D = 4.9, where values of ATj around 
45F were measured at 10 and 20 knots before a fall-off to zero occurred at 40 knots. It is 
considered that a residual near-field reingestion problem persisted in the model configuration which 
possibly was amplified at H/D = 4.9. 

It is of interest to note that the intake temperature rise was considerably less than that 
obtained from the peak gas temperature values from Figure 4 at the separation radius. 

The cloud geometry data here shows comparable results to that of Abbott,^ using a different 
experimental technique, although in the present tests the wall jet penetrated somewhat further 
against the wind before separation occurred. Abbott obtained a recirculation cloud height of about 
Vi Rg, which is similar to the maximum value indicated in Figure 7. Further tests were performed 
by Abbott,^ using a twin-jet configuration with an opposing wind along the reinforced ground jet 
axis. This produced a recirculation cloud of about twice the height obtained with a single jet. This 
result seems to be confirmed from the intake temperature rise measurements obtained in the 
present tests, where a wind blown at 90 degrees to the model longitudinal axis created an 
approximately constant intake temperature rise over the wide range of model H/D at each wind 
speed. 
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CONCLUSIONS 


1. Fountain deflectors and canard rotation provide a powerful means of redirecting fountain 
gases and reducing inlet reingestion. 

2. A wind envelope has been generated. The results reflect a strong dependence of inlet 
temperature upon wind speed and direction. For this lift-plus-lift-cruise aircraft configuration, 
quartering and beam-on wind effects were more severe than head-on. Both wind speed and 
direction effects were nonlinear functions of model height. 

3. Pitch and roll effects were minimal for the revised configuration within the 5-degree tilt angle 
range evaluated. 

4. Inlet flow systems are required on reingestion models to obtain representative test data. The 
results generated in this test indicate that a 60% reduction in design flow provides consistent 
values of inlet reingestion temperatures. 

5. The effect of jet temperature on inlet temperature was linear within the range tested. The 
slope of this relationship's a function of reingestion level and/or model configuration. 

6. This test series has demonstrated the capability of the recirculation and impingement model 
test facility to provide a broad matrix of inlet reingestion data. The information obtained is 
establishing an empirical base from which more detailed analytical modeling of the external 
flow should be undertaken. 
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Figure 1. Single jet impingement. 
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Figure 3. Ground jet peak total pressure decay. 
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Figure 4. Ground jet peak temperature decay. 


369 














g:fiisi®:^psw«igs 

isliiiiss 


SES?l|ii' 

ifeSwsKSs 



JET INCLINED 30 DEGREES, H/D = 2.5, NPR = 2, = 20 FEET/SECOND 


Figure 5. Stills from smoke flow visualization film. 
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Figure 6. Ground jet separation distance. 
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Figure 8. Hot gas model basic configuration. 






Figure 10. Far- field wind effect. 



Figure 11. Comparison of 1972 and 1974 models. 
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Figure 13. Hot gas model revised configuration. 
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Figure 14. Effect of canard rotation and deflection. 
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Figure 16. Effect of model attitude ( revised configuration). 
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Figure 18. Effect of jet temperature. 
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Figure 19. Reingestion in headwinds 



EXPERIMENTAL STUDIES OF MULTI-JETS IN GROUND EFFECT 

William G. Hill Jr., Theodore Luzzl, & Richard C. Jenkins 
Grumman Aerospace Corporation 
Bethpage, New York 11714 


ABSTRACT 

An experimental investigation of the flow fields created by mxiltiple jets imping- 
ing on a ground plane, with primary emphasis on flows pertinent to VTOL aircraft, was 
conducted in Grumman’s jet mixing laboratory. Experimental flows were produced 
by one, two, or four axisymmetric subsonic air jets. Initial tests were conducted to 
evaluate free mixing of multiple jet clusters without ground impingement. Whereas the 
mviltiple jets operating out-of-ground-effect were found to have very little influence 
on each other, significant mutual interference was found during ground impingement. 

Axial variation of the grotind plane pressure distribution caused by single-jet 
impingement was found to follow a two-part scaling rule. When the jet-exit-to-ground- 
plane distance was in the fully developed jet regime, the pressure distributions agreed 
with previously developed scaling laws.- For closer jet-to-ground-plane spacing, a 
new correlation of impingement pressures was developed. A simple relationship was 
also foimd between the axial variation of maximum groimd plane pressure and free- 
stream pitot pressure on the centerline of the jet. Impingement tests with two jets 
produced a bistable flow field caused by mutual interference on the ground plane. 
Four-jet impingement produced a markedly more xmstable flow field. In studying the 
instability of this flow held, a three-dimensional manometer array was developed 
which allowed determination of the nature of the oscillations. With this understanding 
of the flow-field oscillations, a "jet shield" was developed which stabilized the flow 
and also produced the beneficial side effect of higher pressures on the aircraft surface. 

A theory was developed to predict the ground plane stagnation lines and fountain 
location for multijet arrays. Good agreement was achieved between theory and experi- 
mental ground plane oil flows . 


INTRODUCTION 

Propulsion system designs for a VTOL aircraft generally employ several jet 
nozzles for vertical thrust, with aircraft stability being maintained during ascent and 
descent by differential control of the jet exhausts. Operation of three or more verti- 
cally directed jets close to the ground produces a complex flow pattern around the 
aircraft that can both degrade the net upward force and complicate aircraft stability 
problems. Lift losses in ground effect can be attributed to the recirculation pattern 
produced aroxmd the aircraft by the engine exhausts and the ambient air which they 
entrain. The interaction of the engine exhausts with the ground involves two opposing 
effects. Ground impingement enhances ambient flow entrainment, significantly 
lowering the pressure imderneath the aircraft (suckdown). In addition, the multiple 
jets impinging on the ground. meet and send fluid spurting upward to collide with the 
aircraft tinderside and increase lift (fountain effect). (See Fig. 1.) 

The influence of the ground effect flow on vertical force and stability may be 
stroi^ly dependent on the shape of the aircraft underside and the jet exhaust 
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configuration.. The simplest possible aircraft and jet geometries were employed to 
gain a basic understanding of surface pressure variations and flow stability encount- 
ered in multiple jets operating in-grotind-effect, and of the interaction between suck- 
down and foimtain effects. In addition, subsonic jet exhaust velocities with no heating 
or gas composition variations were employed. These choices were made to enable 
thorough measurements and probing of several geometries to be accomplished at low 
cost. 


While VTOL aircraft liftoff forces and surface pressure levels in-groimd-effect 
must be influenced by jet exit properties (Mach munber, temperature, etc), the 
general pattern of the recircTolating flow field that exists between the aircraft and the 
ground may not be significantly altered by jet properties , providing a fully turbulent 
shear layer is developed at the jet exit. Results presented in Ref 1 indicate that 
essentially the same suckdown and fountain behavior exists under an aircraft for sonic 
jets as for subsonic jets, indicating a relatively small effect of jet Mach number. Re- 
sults presented in Ref 2 indicate that an equivalent flat-plate model can give a correct 
indication of the induced lift on a three-dimensional model, due to a fountain. 

During the investigation, extremely unsteady conditions in the multiple jet 
impingement flows were also observed. After much experimentation a means was 
developed of stabilizing the flow pattern, which is referred to as "jet shields. " These 
shields prevent the impinged fountain from disturbing the jet exit conditions and in 
addition, increase the pressure on the aircraft tmderside. The jet shield's perfor- 
mance suggests the mechanism of a radial wall-jet system formed by the fountain 
on the aircraft underbody that interacts strongly with the primary jets as they emerge 
from the aircraft. 


EXPERIMENTAL APPARATUS 

The jet flow fields were developed from a nozzle array mounted on the front 
face of a 2-ft-square settling chamber (Fig. 2) pressurized by a centrifugal fan. Low 
turbulence levels were obtained by using a honeycomb flow stralghtener and turbulence 
damping screens downstream of the diffuser. The jet nozzles were 1-in. I.D. , thin- 
wall pipes arranged in a square array. The entrance of each nozzle was flush with 
the 2-ft-square front wall of the settling chamber. Each nozzle consisted of a 1-in. - 
diameter ASME flow metering section (elliptical entrance contour shape) followed by 
a B-in. -long constant-area section. The spacing between adjacent nozzle centerlines 
was 2 in. Flows were developed from either one or two of the jets from this array by 
sealing the entrance and exits of unused nozzles and slightly constricting the inlet of 
the centrifugal fan so as to obtain the same jet exit velocity with either one, two, or 
four jets in operation. The jet Reynolds number based on nozzle diameter was 
nominally 10^. 

A 6-in. -square flat plate, installed flush with the nozzle exits and instrumented 
with surface-pressure taps, was used to simulate an aircraft underside for most of the 
tests. For some tests, a much larger plate was used with an aircraft planform shape 
(Fig. 2). The ground plane was a l-l/2-ft-square plexiglass sheet, also instrumented 
for pressure measurements , mounted normal to the flow with provisions for axial and 
transverse motion relative to the jet array. 
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The experimental work consisted of field probe measurements of a single free 
jet and surface-pressure measurements with this jet operating in-ground-effect. The 
former work was undertaken to document the free-jet velocity profiles operating out- 
of-ground effect. Hot-film probes were used for most of the free-jet measurements. 
These probes were mounted on a motorized traverse mechanism to obtain axial and 
transverse surveys of both mean velocity and turbulent intensity. The probe signals 
were linearized and displayed on an X-Y pen recorder, using a voltage signal from 
the probe spatial position sensor to drive the X-component of pen motion. This data 
recording technique was also used with a pressure transducer to obtain free-jet pitot- , 
probe profiles. . _ 

For multiple jets operating in-ground-effect, concentration was focused primarily 
on surface-pressure instrumentation for both the groxmd plane and the airplane plate. 
Oil-flow patterns on the ground plane were also observed. The main interest in this 
work was to determine the nature of the flow field between the jet exhausts and the 
ground plane, particularly for the multiple-jet case. While field measurements above 
the grornid plane would have been most helpful in this investigation, efforts to obtain 
such measurements were, with one exception, unsuccessful because the flow fields of 
most interest (multiple-jet impii^ement) were not stable and the presence of a probe 
and Its support significantly altered the entire flow field. The lack of flow-field 
stability cotild be seen from fluctuations in the ground plane pressure distribution, 
which were displayed on a manometer array constructed to visualize the instantaneous 
pressure contours on either the groxmd plane or the airplane plate. 

SINGLE-JET IMPINGEMENT 

Impingement of a single axisymmetric jet on a flat plane surface normal to the 
axis of the jet produces several distinct zones. If the distance above the groxmd, h, is 
large compared to the nozzle diameter, d, the flow near the exit will contain an un- 
disturbed region of primary flow that ends several diameters downstream of the exit 
plane. This undisturbed core is surrounded and followed by a mixing zone-shear layer 
into which ambient air is entrained. This entrainment and mixing continues to occur 
along the free boundaries of the remainder of the flow. In a region above the ground 
plane opposite the jet exit, but much larger in diameter, designated the interaction 
zone, the flow turns parallel to the groxmd plane. Beyond this zone the flow remains 
basically parallel to the ground plane in a radially directed wall jet. 

The details of the flow field depend on the ratio h/d and also to some extent on 
the jet exit velocity. Surface-pressure measurements on the ground plane provide a 
usefxxl description of this type of flow field. Figures 3, 4, and 5 show pressure dis- 
tributions measured on the ground plane at different axial locations. These measure- 
ments were obtained without a flat plate at the nozzle exit plane. 

Figure 3 shows groxmd plane pressure profiles obtained for h/d = 1.5, 3, and 5, 
together with the resxilts of Brady and Ludwig (Ref 3) and Snedeker and Donaldson 
(Ref 4). The profiles for all ground plane locations show approximately the same 
width, with only minor variations in shape. These results all indicate that the pres- 
sure distributions are essentially independent of h/d for the entire close-in region 
(h/d < 5). 

Figure 4 shows groxmd plane pressure profiles obtained for h/d = 10 and 15. In 
this figure, the pressures are plotted versus r/5, where 6 represents the radius at 
which the velocity in the jet, without the groxmd plane, has dropped to half the center- 
line level. Values of S were foxmd from surveys of the free jet at the same h/d. As 
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noted by Bradbury (Ref 5), pressure profiles normalized in this fashion are indepen- 
dent of ground plane location providing it is located far enough from the jet exit for 
freestream velocity profiles to exhibit similarity, i. e. , well beyond the potential 
core. Comparison of the data obtained with the generalized curve presented by 
Bradbury shows the ground plane pressure profiles following the same behavior. 

It was found, as did Bradbury, that the ground plane pressure on the jet center- 
line (Pq) was higher than the free- jet pitot pressure on the centerline (Pto) the 
same h/d. Figure 5 presents a comparison of P-po with Pq as a function of x/d. The 
variation of Pq was obtained by moving the ground plane. The two pressure profiles 
appear almost identical, except for an axial displacement of approximately 0. 75d. Re- 
sults of shifting the ground plane pressure distribution 0. 75d upstream are shown in 
Fig 5. The close agreement between these curves for 4 < h/d< 15 suggests that this 
technique may be used to determine the maximum ground plane pressure from a 
centerline pitot pressure survey, rather than Bradbury's rule, P© = 1.12 Pr^Q* 

To summarize, the following method was developed for correlating groxmd 
plane inpingement pressures with free-jet flow properties for a subsonic jet. For 
ground plane locations close to the jet (nominally h/d = 5 or less), the mean radial 
pressure distribution shown in Fig. 3 is used. For ground plane locations far 
from the jet exit, where freestream velocity profiles exhibit similarity (h/d >10), 
the radial pressure distributions shown in Fig. 4 are used. In this case, the ground 
plane centerline pressure is set equal to the free-jet centerline pitot pressure at 
0.75d above the surface (Fig. 5). 

MULTIPLE-JET IMPINGEMENT 

The flow pattern formed by two jets impinging on the ground plane was visual- 
ized using oil-flow techniques. Figure 6 shows a typical pattern formed after a 1-min 
exposure of a smear of oil on the ground plane. Note the double line pattern formed 
between the impact zones of the primary jets. The appearance of two lines in this 
region rather than a single line probably indicates that the ground flow separates 
before it reaches the plane of symmetry and turns upward, much as it often separates 
ahead of a solid wall. The distance between the centers of the two halves of the flow 
pattern was 2 in. , corresponding to the centerline separation of the pair of 1-in. jets. 
This indicates that the interaction of the two jets does not alter the location of the 
centerlines . 

Ground plane pressure surveys were conducted with the solid exit plane plate 
installed. Using two of the diagonal jets from the four-jet array to increase jet 
centerline separation, large fluctuations were found that were apparently caused by 
the presence of the solid exit plane plate. The nature of the fluctuations was unique 
because they revealed a bistable pressure distribution on the ground plane (Fig. 7). 
The pressure distribution along a line connecting the jet centerlines was not sym- 
metric; higher ground plane pressures were measured around the periphery of one of 
the jet Impact points. After a moment or two the ground plane pressures would 
suddenly change to enhance the pressure around the other jet impact point. However, 
the ground plane pressures on both jet centerlines remained constant and equal during 
this change indicating that the impingement of the jets was not affected, but that the 
meeting of the two ground plane flows was unsteady. 
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This random changeover from one unsymmetric distribution to its mirror image 
existed only with the solid-exit-plane plate installed, and could be stabilized at either 
one of the two distributions by deliberately tilting the grormd plane. This bistable be- 
havior was observed for ground plane locations from h/d = 1.5 to 5.0. Within this 
displacement range, the ground plane pressures on the jet centerlines remained 
equal to the jet-exit-plane stagnation pressure. 

Impingement tests with the four-jet array indicated a more complex flow field. 
Unsteady pressures were observed at all points on the ground plane, even without the 
solid-exit-plane plate. The presence of this exit-plane plate greatly magnified the 
pressure fluctuations . 

A typical oil-flow pattern on the ground plane is shown in Fig. 6. The double 
line pattern isolating one quadrant of the impact zone is typical of many such photos , 
but the quadrant isolated varied from one moment to the next. 

To investigate the nature of these pressure fluctuations, a three-dimensional 
manometer array (Fig. 8) was constructed with tubes laid out spatially in the same 
pattern as the ground plane pressure taps. The most extreme pressure fluctuations 
were found on the centerlines of the four jets. These pressures varied from a maxi- 
mum value close to the settling chamber pressure down to a minimum value almost a 
factor of 10 lower. The nature of these fluctuations was random, with at least one of 
the centerline pressures always being well below the maximum value. The time 
scale of these fluctuations was of the order of 1 sec; they were accompanied by lower- 
amplitude pressure variations at all other points on the ground plane. 

Observation of pressure disturbances on both the ground plane and the aircraft 
plate led to the conclusion that variations in the direction of the fountain were causing 
unsteady surface pressures. Movement of the fountain impact point on the aircraft 
plate will produce an unsteady flow along this surface and cause a time dependence 
of conditions at the jet exits. Variations in jet exit conditions will, in turn, affect 
the direction of the fountain. This close coupling between jet exit conditions and the 
direction of the fountain appears to be responsible for the unsteadiness in the flow 
field because it provides a mechanism for enhancing the turbulent fluctuations that 
exist in the mixing zone of a free jet. This interaction was broken, and the flow field 
almost completely stabilized, by installing small shields around the inner quadrant of 
the jet exits to effectively isolate the jets from fountain disturbances. With the shields 
installed, there were still small oscillations in ground plane pressures, but the 
amplitude was decreased by a factor of 10. In addition to stabilizing the fountain, it 
appears that this type of shield would create a favorable effect on aircraft lift. Figure 
9 shows the variation of pressure on the aircraft with distance from the ground for one 
point on the exit plane plate. Similar behavior was observed at all other points mea- 
sured In the region between the jets . 

The shields increased the pressures on the exit plane surface between the jets 
over the entire range of distance above the ground (h/d less than about 3). Since the 
interference forces that occur close to the ground play a very important role in the 
performance capability of a VTOL aircraft, the positive effects produced by these 
shields hold the promise of being very beneficial and should be studied further. 

Figures 10, 11, and 12 are photographs of the oil-flow pattern for other four- and 
three-jet arrays. In these photos, two-jet momentum strengths were used (relative 


385 



strength 0.5 and 0.344). In all cases the stagnation lines were concave toward the 
lower-strength jet. The intersection of the stagnation lines with the axis of symmetry 
indicates the ground location of the center of the fountain. 

A theory was developed to determine the location of the stagnation lines and 
fountain positions. This theory assumes that the wall-jet flow from a single jet is 
radial and the magnitude of the total momentum at any radius is equal to the momen- 
tum at the jet exit plane. The momentum flux (momentum per unit arc length) of each 
vertical jet is a function of the radius only. Two radial wall jets formed from two 
vertical jets will meet and form a stagnation line at the ground. It is assumed that a 
stagnation line will form at the location where the components of the two local wall-jet 
momentum fltixes normal to the stagnation line are equal. From this, an expression 
for the direction that the stagnation line will take can be derived. The direction is a 
function of the strength of the two jets and the radial vectors to the point on the 
stagnation line from the two jets. An expression for the location of the stagnation 
point on the line connecting two jets was also derived. This location is the starting 
point for the solution for the stagnation line. At the known Initial location, the direc- 
tion of the stagnation line is calculated. A new point on the stagnation line is deter- 
mined from this direction. Fountains will form at the coincidence point of two stagna- 
tion lines that fall within the inner region. To form a fountain, momentum flux must 
be directed in both the positive and negative directions along the axis of symmetry 
at the coincidence point. This can occur only in the inner region, which is contained 
within the lines connecting all jets. (The theory is developed in detail in Ref 6). A 
computer program was developed to generate and graphically display the stagnation 
line and fountain location for multi-jet arrays. This program is reported in Ref. 7. 

These theoretical curves are compared to the experimental data in Fig. 10, 11, 
and 12. Figure 10, which shows a four-jet array with the two smaller jets on the 
axis of symmetry, shows two foxmtalns on the axis close to the smaller jets. Figure 
11 shows a three-jet array with one small jet on the axis of ssmmetry and indicates a 
single foimtain near the small jet. Figure 12, which shows a three-jet array with the 
single large jet on the axis of symmetry, does not indicate a fountain because the 
coincidence point of the two stagnation lines lies outside the inner region. 

The ground flow field is quite complicated. There is considerable interaction 
between the free and wall jets, fountains, ground, and aircraft underbody. Our 
methodology for Attacking this complicated problem is to isolate individual phenomenon, 
study each experimentially and theoretically, and then incorporate their effects into 
an overall flow study. The work presented in this paper is a start of the study of a 
few ground flow phenomena. 
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Fig. 7 Pressure Distributions Caused by Twin Jets 


MANOMETER ARRAY 


SHIELDS INSTALLED AT JET EXITS 


Fig. 8 3D Manometer Array Shields 


391 






».r • 




j£r-^c/w-z(^ 


-® @ 


wm 

HT 

"iwetp^ 


2P X 


pf2ee^.L00 

ousts? 


WITHOUT 

^tap^ 


iJ 


0 2 4 6 8 




Fig. 9 Effect of Jet Shields on Fountain Stability & Levels 


392 






Fig. 10 Four^Jet-Array Ground Plane Oil Flow 
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Fig. 12 Three-Jet-Array Ground Plane Oil Flow 
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CORRELATION OF LOW-SPEED WIND-TUNNEL AND FLIGHT TEST DATA 

FOR A VTOL AND STOL AIRCRAFT 

David H. Hickey* and Woodrow L. Cook^ 

Ames Research Center, NASA 
Moffett Field, California 94035 


ABSTRACT 

Correlation of wind-tunnel data with flight data is an ongoing process designed to improve and 
verify wind-tunnel test techniques. One approach, which eliminates such questions as Reynolds 
number or scale effect in correlations, is to test the actual airplane in the Ames 40- by 80-Foot Wind 
Tunnel. Results of such correlations on five V/STOL aircraft were presented at an AGARD meet- 
ing in 1965. 

' i , ■ ' ' ' ' ■ ’i*! 

Since that last report, two additional research aircraft have been tested in the Ames 40- by 
80-Foot Wind Tunnel: the XV-5B fan-in-wing aircraft and the YOV-10 RCF (rotating cylinder flap) 
aircraft. The tests were conducted specifically to provide for correlation between wind-tunnel and 
in-flight aerodynamics and noise test data. This paper presents the correlation of aerodynamic data 
and discusses testing techniques that are related to the accuracy of the data or the correlations. 
Wind-tunnel and flight test data correlated well for both aircraft for unaccelerated flight conditions. 


*Assistant Chief, Large-Scale Aerodynamics Branch. 
^ Chief, Flight Research Projects Office. 



NOMENCLATURE 


Al area of V/STOL lifting element, n(7rDL^/4) 
A^f momentum area of aircraft, irb^/4 

Af wind-tunnel cross-section area 

a acceleration, g 

b wingspan 

bt timnel width 

Cj) drag coefficient, D/qs 

lift coefficient, L/qs 
D aircraft drag 

Dl diameter of lifting element, fans or propellers 
L lift 

Ndown aircraft nose down 
Nyp aircraft nose up 

n number of fans or propellers 

q dynamic pressure 

S wing area 

T fan or propeller thrust 

V velocity 

Wp aircraft weight 

a angle of attack, deg 

/Sy fan-louver vector angle, deg 

y aircraft flight-path angle, deg 

5q elevator deflection 

6f flap deflection 


0 ‘f'l? i'M . r:- : ... .0". 
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AL lift increment 

d aircraft angle to horizon, deg 

Subscr^ts 

a aerodynamic 

F fli^t aircraft 

j jet 

n normal 

s static 

t horizontal tail 

T wind tunnel 

X horizontal 


INTRODUCTION 

At the Rome AGARD Flight Mechanics Panel Meeting in September 1965, a paper (ref. 1) was 
presented reporting the correlation of wind-tunnel aerodynamic test data with flight test data for 
several V/STOL aircraft. Four of the aircraft were tested, both in the Ames 40- by 80-Foot Wind 
Tunnel and in flight. More recently, additional specific data have been obtained for the XV-5B 
fan-in-wing aircraft (fig. 1) and the YOV-10 RCF (rotating cylinder flap) STOL aircraft (fig. 2). 
Although data for the XV-5 have been presented before (ref. 1 ), the data were questioned because 
of the necessity for limiting power because of control flexibility. Data from the YOV-10 have also 
been presented before in reference 2, which reported poor correlation between wind-tunnel and 
flight longitudinal control requirements. The additional tests were conducted to examine the 
discrepancies, if any, and, in the case of the XV-5B, to expand the performance envelope of the 
correlation to descending and decelerating flight. 

Specific aerodynamic data test points simulating level flight and decelerating, descending 
flight conditions for the two aircraft were obtained in the Ames 40- by 80-Foot Wind Tunnel over 
the low-speed range for correlation with similar flight test points. This approach reduced the inter- 
polation of the data and the reliance on parametric information for correlation purposes. Correla- 
tion of the aerodynamic results is presented and some of the problems in correlating wind-tunnel 
and flight test results are discussed. 

CORRELATION OF TEST RESULTS 

Table I shows some of the characteristic features (reported in refs. 2, 3, and 4) of the XV-5B 
and YOV-10 RCF aircraft. 
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XV-5B V/STOL Fan-In-Wing Aircraft 


Tip-turbine-driven 1.1 -pressure-ratio fans were used in the XV-5B wings, with each fan provid- 
ing approximately 6800 lb (3090 kg) of thrust. A similar fan, but with a 3 ft (0.91 m) diameter, 
was installed in the nose of the aircraft. A thrust reverser in this fan exhaust provided pitch control. 

The XV-5B aircraft was mounted in the Ames 40- by 80-Foot Wind Tunnel in the conventional 
manner, with a tail strut support as shown in figure 3. Wind-tunnel measurements were made of 
specific flight test points for steady, level flight, and 1-g conditions, and for decelerating flight at 
10° descent angle. 

Steady level flight. — The results of the wind-tunnel tests, compared to flight test results for 
several level-flight speed conditions, are shown in figure 4, where aircraft power, angle of attack, 
and louver angle were set at the same values as during flight test. Longitudinal control was then 
set to the necessary position for trimmed moment conditions in the wind txmnel, resulting in a 
measured total lift and drag of the aircraft. Good correlation of stick position for trim conditions 
was obtained. The results also indicate that the lift in the wind tunnel for the lower speeds, 30 to 
70 knots (16—37 m/s), was less than 1% greater than the flight values. However, at 85 knots (43 
m/s), the wind-tunnel lift was measured at a value 4.7% greater than the total lift obtained from 
the flight test results, perhaps this discrepancy was partially due to a known problem with one of 
the lift recording systems. Although equivalent to a difference in angle of attack of 1 .2°, this 
discrepancy is within the accuracy expected from reference 1 . These results may seem surprising 
in view of rather large wind-tunnel wall correlations predicted for an aircraft of this size in the wind 
tunnel. However, at these speeds, the aerodynamic lift on a direct lift vehicle such as the XV-5B is 
a small portion of the total, thus the wind-tunnel wall corrections must be very large to produce 
significant changes. This point is illustrated in figure 5, where the lift error referenced to aircraft 
gross weight is shown for two angle-of-attack errors. For the XV-5B at 40 knots (20 m/s), the 
error must be 5° to provide a total lift error of 4%. Similar results for pitching moment are shown 
in figure 6. Here, again for the XV-5B, a 10° error in horizontal tail angle of attack is a small por- 
tion of the total control available at speeds as high as 60 knots (30 m/s). These results point out 
that, for direct-lift aircraft flying at low speed, the prediction of overall aircraft performance and 
control is only slightly effected by wind-tunnel W'all corrections. 

Descending, decelerating flight. — In figure 7, the wind-tunnel and flight test data for the 
XV-5B in decelerating, descending flight at 7 =-10°, are compared. Comparisons are shown for 
longitudinal control-stick position, normal and axial acceleration for the aircraft with the same 
power conditions, fan exit louver angles, and angle of attack. For these data, the aircraft axis was 
approximately parallel to the flight path and the aerodynamic lift coefficient was about 0.5. A 
similar comparison is shown in figure 8 with the aircraft axis approximately horizontal during 
decelerating approaches at 7 = — 10°. The aerodynamic lift coefficient was about 1 .2 for the latter 
approach condition. Good correlation is shown for stick position and normal acceleration with the 
aircraft deck parallel to the flight path; however, the axial deceleration values measured in the wind 
tunnel are 0.05 to 0.1 g less (the greater differences occurring at higher forward speeds) than those 
obtained in flight test for the same power and louver-angle conditions. Some of this difference may 
be due to the inability to determine strut interference effects, which would have a larger effect on 
the aerodynamic drag at the high forward velocities. The wind-tunnel support struts were directly 
in front of the XV-5B landing gear and, hence, could have reduced the gear drag and accounted for 
part of the deceleration differences. 
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Better correlation was obtained with the aircraft deck parallel to the flight path and with lower 
aerodynamic lift coefficient than with the aircraft deck horizontal during the descending fli^t tests. 
Normal and horizontal deceleration values measured in the wind timnel differed by as much as 0.15 g 
from the flight test results for the latter condition. 

YOV-10 RCF STOL Research Aircraft 

The YOV-10 RCF aircraft was operated in landing approach up to lift coefficients of about 4.3. 

The trailing-edge flaps had fom: 12-in. (0.305 m) diameter rotating cylinders mounted at the forward 
edge of the flaps. The cylinders were driven by hydrauUc turbines at the end of each of the four 
cylinder sections at speeds of 7500 rpm. 

Longitudinal control. — Figures 9 and 10 show the YOV-10 aircraft mounted in the Ames 40- 
by 80-Foot Wind Tunnel on two separate moimting systems. The mounting system shown in figme 
9 was used prior to the flight test, primarily for functional check out, under air load, of such systems 
as the rotating cylinder flaps, modified propeller, and interconnect systems for the Lycoming T-53 
engines. The strut system shown in figure 10 was used specifically for the flight and wind-tunnel 
test data correlation. As shown in figure 9, the tail strut is moimted on the lower surface of the 
horizontal tail, fairly close to the quarter-chord point, and could have caused an adverse disturbance 
in the flow field on the lifting side of the tail where high negative pressure gradients exist. The 
horizontal tail elevator setting requirements for trim are shown in figure 1 1 , both for the flight results 
and the tests with the aircraft mounted on the two strut systems. The first wind-tunnel test data 
show large differences in elevator requirements for longitudinal trim and in static stabiUty compared 
to flight test results; on the other hand, elevator requirements for longitudinal trim and static stability 
for the second wind-tunnel test show close correlation with flight test results. The flight test data 
indicate elevator requirements for trim that fall between uncorrected wind-tunnel data and wind- 
tunnel data incorporating conventional wind-txmnel wall corrections. 

The difference between the first wind-tunnel test and the second wind-tunnel test could have 
been caused by any one or a combination of three factors. One is the aforementioned effect of 
interference between the tail strut and the horizontal tail. A second possibility is the different 
means of taking the wind-tunnel data. In the first test, the data were taken in parametric fashion 
with reliance on thrust coefficient for correlation with flight test results. In the second test, the 
wind tunnel was operated to simulate flight; dynamic pressure and propeller blade angle were varied 
with angle of attack to precisely simulate flight conditions. The third possibility is an error in longi- 
tudinal moment arm in the test set up on the first test. No single factor adequately explains the 
discrepancy between the two wind-tunnel tests, therefore, it seems likely that the discrepancy was 
caused by a combination of problems. 

Lift and drag. — Figure 1 2 shows flight test and wind-tunnel data for lift, drag, and angle of 
attack (based on a = 0 - 7) at given conditions of steady flight and propeller thrust. Good correla- 
tion with lift coefficient and angle of attack is shown with the second strut set up; although not 
shown, good correlation was also obtained with the tail strut mounted at the horizontal tail for all 
parameters except the previously discussed longitudinal control and static longitudinal stability. Intro- 
ducing conventional tunnel-wall corrections appears to over correct the data when it is compared with 
flight test results. As shown in figure 13, the angle of attack, a, measured by the vane on the nose boom, 
was approximately 6° higher than the angle determined by the 6 -y method; the difference was 
due to the high upwash effects on the vane at these high lift coefficients. Using this uncorrected 
vane angle of attack would greatly reduce the correlation. 
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CONCLUDING REMARKS 


Wind-tunnel sizing parameters for testing V/STOL aircraft or models, figure 14, were suggested 
(reL 1) for unaccelerated flight conditions. The XV-5B and YOV-10 aircraft were sized within the 
test parameters shown in the figure. The size of the aircraft, span-to-tunnel widtli, the lifting element 
area, and the momentum area parameters appear to be reasonable, based on the correlation results 
for level, unaccelerating flight test conditions of these types of V/STOL aircraft in the 40- by 80-Foot 
Wind Tunnel. Although the measurements made for decelerating, descending flight were less con- 
clusive, it appears that if all factors (such as strut interference drag effects) could be accurately 
accounted for, fairly good prediction of flight-path descent angle, power requirement, deceleration, 
and vectoring requirement could be made from wind-tunnel test results with models sized within the 
parameters outlined in reference 1 . 
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Figure 4.— Comparison of XV-5B flight and wind-tunnel data for level-flight conditions. 
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Figure 5.- Effect of error in angle of attack on lift-thrust ratio for the XV-5B. 
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Figure 6. Comparison of longitudinal reaction control power with aerodynamic control power. 



VELCXJITY, m/sec 

Figure 7.- Comparison of XV-5B decelerating descent data at y ^ -10® for aircraft deck parallel 

to flight path, with CLa =0.5. 
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Figure 8.- Comparison of XV-5B decelerating descent data at 7 = -10“ for aircraft deck horizontal, 

with CLgS 1.2. 
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Figure 11.— Comparison of flight and wind-tunnel measured elevator deflection for trim 

YOV-10 RCF aircraft, with 6f = 50/25. 
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Figure 1 2.— Comparison of flight and wind tunnel measured lift and drag data for YOV-10 RCF 

aircraft, with 6f= 50/25. 
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Figure 14.— Three model-to-wind-tunnel sizing parameters. 
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GROUND PLATFORM THERMAL FOOTPRINTS FOR VTOL AIRCRAFT 


A. L. Rosenblatt 
Grumman Aerospace Corporation 
Bethpage, New York 11714 


ABSTRACT 

A self-plotting computer r?sulting^frSf im^^ 

generalized ground platiorm temperal^ t hindles operations con- 

engine exhaust gaeses during ^TOL ^descent, power reduction, 

sisting of: ground idle, I^^er advance, takeott changed or eUminated. The 

and shutdown. The duration of o , under and beyond the aircraft, 

program contmns a nod^ map of the pla temperature and velocity 

Separate pre^ction methods are use P ^ footprint) as well as thermal properties 
of the exhaust gas at each node (i-e- > , recovery temperatures are calculated, 

of the platform. Heat transfer at selected time inver- 

and a thermal balance performed to oW P^_pi lif^/cruise configuration that depicts 
vals. Typical results are displayed for a lit^^^^^ distribution, 

the effect of VTOL procedures on the piatiorm lempcicn. 

SUMMARY 

lift VTOL aircraft the ground platform temperatures may be severe. 

For ]et-lift VTOL aircrait, tn ® . thermal gradients, and presentation 

The pre^ction of these platform temp ^ ’ ^his paper describes a computer 

of results is very time consuming needed to c^ctdate these temperature 

program that minimizes the time and ef selected time increments, 

profiles , and provides automatic plotting P 

f A 4 . 623 (one lift engine and two lift/cruise 

The pro^am was applied to Peak temperatures depend on takeoff 

en^nes) operating from a 3/4-in. stee example, increasing lift engine idle 

and landing procedures and ground xdi temperature from 480 to 

time on Design 623 (from 1 to 6 min) m applied readily to other platforms 

910OF. The computer program described can oe appueu ic, j 

and other operating procedures. 

discussion 

, j v.fiT'e is the adaptation of five existing Grumman 
The entire routine presents n'^eessary algorlthnis. 

thermodynamic programs , tied 

m tu r.^dure is not completely automated. When a partic- 

To allow flexibility, the ® combination is being investigated, the 

ular aircraft design/platform confi^ written to have an automated program extending 
necessary modifications can be ^j^nerature and velocity at each node to outputs 

from inputs of impingement gas total P 
of plotted platform isotherms. 

ji ra -rations consisting of ground idle, power advance, 

The procedure can handle opej reduction, another ground idle, and shutdown, 
liftoff, hover, descent (abort), PoW© duration changed. The following severe 

Any of these stages can elimmate^^o^^^^^ 
operation is used to exemplify the 


417 



stage Duration 

® Idle (lift engine at 45 deg and 

lift/cruise engines straight aft) 6 min 

® Advance to VTO power and rotate 

all engines straight down 3 sec 

® Ascend to 25 ft 5.6 sec 

« Hover 1 min 

9 Descend 10 sec 

® Reduce power 3 sec 

® Idle (as above) 1 min 

® Shutdown 


These conditions represent an aborted landing, over the same spot, with a large 
amotint of idle time. Wind effects were also neglected. 

DESCRIPTION OF ANALYSIS 

The analysis is based on a Grumman Design 623 VTOL aircraft on a 3 /4-in. 
steel deck. Figure 1 shows an outline of the aircraft superimposed on the deck nodal 
network. The lift engine impinges on node 9 during VTO. Exhaust total temperatures 
are lOeO^F for idle and 1920OF for VTO. The lift/cruise engine, pointed straight aft 
during idle, does not impinge on the platform; during VTO it impinges on node 158 with 
a total temperature of 3040OF. 

The plume ground pattern (total temperature and velocity) was derived from the 
work described in Ref 1. The test results are presented by W. Barron and H. 
Frauenberger elsewhere in this workshop. The convective rates for the stagnation 
area are taken from Heat Transfer by Chapman; for the flat plate areas the Bell 
curves were used. These were compared to the results described in Ref. 2; the agree- 
ment was within 6 %. 


RESULTS OF ANALYSIS 

The results of the analysis are presented in the form of footprints at selected 
time slices. Figure 2 shows the platform thermal footprint at the end of the 6-min 
ground idle (preflight check). The hottest point is not at the engine locations becaitse 
lift engine is pointed aft 45, deg and the lift cruise engine plume is not impinging on the 
platform. The maximum temperature occurs on node 9. Since the isotherms are at 
50°F intervals, and due to the coarseness of the nodal grid, the footprint plot may not 
record the peak temperatures: however, it locates the hottest nodes and these can be 
examined from Calcomp plots, such as Fig. 3, which shows the temperature-time 
history of node 9 for the total mission. Good agreement is found with the footprint in 
this case; it shows 910or as the peak temperature. It is interesting to examine the 
local recovery temperature on this node. During the ground idle, the plume Impinges 
directly on this node at a temperature of 1040°F; when the power is raised and the 
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plume rotated, the direct impingement moves to node 1. At this time the local recov- 
ery temperature reduces and levels off at 380°F, during hover. During descent and 
rotation of the plume back to idle position, the plume temperature at this node rises to 

the original idle value, and exists until shutdown. 

It should be pointed out that the bump that appears in the 150°F isotherm near ^ 
the wing trailing edge (half-way out) is due to noise in the plotting routine. An investi- 
gation was made to ensure that this was not due to the heat transfer analysis. This 
bump will be seen to persist in later footprint plots. Some of the waviness is also 
due to noise in the plotting program. 

Most of the platform reaches its maximum temperature at touchdown. Figure 4 
shows the footprint at this instant. Three hot spots are centered around nodes 1, 9, 
and 158. For direct (90 deg) impingement, the stagnation nodes do not become the 
hottest; in this case, they are 2, 9, and 157 shown in Fig. 5 for the entire mission. 
Comparing Fig. 4 and 5, observe that for nodes 2 and 9 (Stations 311 and 405) the 
footprint agrees well with the node plots, but at node 157 (Station 526. 5) the footprint 
nodes were too coarse to record the 700OF maximum shown on the node plot. 

The differences in shapes of the curves in Fig. 5 are due to the motion of the 
I'mpinginp iets. The recovery temperature for node 157 is shown with the temperatore 
response for that node in Fig. 6; comparing the recovery temperatures in Fig. 6 with 
that of node 9 in Fig. 3 indicates the reason for the differences in shapes of the nodal 
responses. 

Figures 7 and 8 show the platform temperature at 5.24 and 10.6 min after touch- 
down. Note that the massive steel deck cools slowly. 

The study was expanded to examine the more normal situation of no abort. Fig- 
ure 9 shows maximum footprint temperatures for this operation. The temperature 
histories of the hottest nodes are given in Fig. 10. 


Comparing Fig. 10 with 5, note that since the ground idle check time is still 6 
min, the maximum temperature of 910°F is the same; however, the temperatures of 
the deck under the lift/cruise engine and the lift engine have been reduced from 
700 to 480OF and 410 to 240OF, respectively. 


The next alteration of the program reduced the ground idle time to 1 min (con- 
sidered by some to be more practical). This is also a no-abort case. The results 
of this analysis are shown in the footprint. Fig. 11, md tte time history m Fig. 12. 
Here, node 9 is reduced significantly to 4450F, and the lift/cruise and lift engine 
areas are reduced to 310 and 182®F, respectively. 


CONCLUSION 


The results presented in this paper show that the operational procedures have a 
dominant effect on platform temperatures. 

The highest- temperature spot could be reduced readily by moving the aircraft a 
few feet periodically or by changing its heading. In regard to the other hot areas, 
if the aircraft did not take off and descend over the same spot, these temperatures 
would also be reduced. 
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Recent test data sho\^ that, from the stam^int of engine ingestion, it is advan- 
tageous to have a small forward velocity. This also reduces platform temperatures. 

It is concluded, therefore, that the deck temperatures are very much a function 
of operational procedures, and with proper control of these procedures exhaust gas 
temperatures as high as 3000®F can be utilized for VTO aircraft. 
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Fig. 2 Platform Temperatures, Design 623 Model 
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Fig. 3 Node 9 Time-Temperature History 
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Fig. 4 Platform Temperatures, Design 623 Model 
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ABSTRACT 

A. two-phase test program was conducted to select high-performance vectorir^ 
systems suitable for lift engines of V/STOL aircraft. The first phase examined four 
configurations: cut-off plug, single bearing swivel-tee plenum* single bearing swivel- 
scroll plenum, and flap nozzles. The models were l/6. 5-scale of representative V/ 
STOL fighter designs. Extensive use was made of oil-flow techniques to obtain diag- 
nostic patterns of internal flow fields and to locate areas of possible flow separation. 
Component pressure drops were converted to tihrust losses to determine overall system 
performance levels. 

The second phase studied nozzle design for the stifle bearing swivel systems with 
regard to optimization of nozzle thrust performance and dowwash characteristics 
compatible with V/STOL aircraft. Nine nozzles were tested, varying exit area aspect 
ratio and inlet Mach number. 


SYMBOLS 


A Nozzle exit area, sq in. 
e 

A* Nozzle throat area, sq in. 

AR Aspect ratio 

C^ Discharge coefficient, actual weight flow/ideal weight flow 
C Thrust coefficient, actual thrust/ideal thrust 

V 

C Thrust coefficient for rotating portion of nozzle 
n 

D Diameter, in. 

Fq Gross thrust, lb 

L Length, in. 

M Mach number at nozzle exit 
e 

NPR Nozzle pressure ratio, 

P^ Total pressure, psia 
P^ Static pressure at nozzle exit, psia 
Poo Ambient pressure, psia 
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T Temperature, °R 

W Weight flow, Ib/sec 

X Distance downstream of nozzle exit, in. 

0 Plug nozzle outer wall angle, or flap angle, deg 
a Ratio of specific heats 

INTRODUCTION 

The Navy is currently developii^ the V/STOL support ship from which V/STOD 
aircraft of various types will operate. The concept of jet V/STOL aircraft has been 
demonstrated successfully with the development of the subsonic Harrier aircraft. In 
the development of advanced high-performance supersonic lift plus lift/cruise aircraft, 
the exhaust systems must be vectorable during transition flight. Vectoring might also 
be accomplished with lift engines if they are to provide horizontal thrust in case of loss 
of lift/cruise engine thrust, or with the lift/cruise engine to provide additional lift. A 
supersonic configuration (Pig. 1) employing such concepts contains a hybrid propulsion 
system of two lift turbojets and one lift/cruise turbofan, with all engines utilizing pairs 
of vectorable nozzles . The nozzle swivel planes are canted inward to have the nozzles 
splayed outward as they rotate rearward, thus avoiding impingement on the fuselage. The 
requirement of thrust rotation, therefore, presents the problem of minimizing thrust loss 
in systems where loss mechanisms such as separation and shocks are likely to occur 
as the exhaust gases transist from an aimulus to a circle and rotate up to 90 deg. 

Possible candidates for V/STOL vectorable nozzles include the triple bearing 
swivel, cascades, flap, and bifurcated single bearing swivel (Fig. 2). The triple 
bearing swivel nozzle encounters ground clearance problems. The cascade nozzle is 
unattractive because of unwanted loss of thrust due to resulting side forces. The 
bifurcated swivel nozzle presents an attractive configuration in its ability to produce 
the fountain effect (Ref 1), i.e. , buoyancy which can effectively counteract suckdown. 
Multiple jet patterns reduce lift loss for both in-ground and out-of-ground effects. The 
inherent high performance and simplicity of the flap nozzle make it attractive for V/ 
STOL application. However, this configuration has drawbacks, such as heating the 
underside of the aircraft as the exhaust gases are vectored toward 90 deg. 

An experimental program was conducted to obtain both performance figures and 
basic insight into a number of promising nozzle configurations . The configurations were 
designed basically for lift-engine technology, but lift/cruise engine applications are 
possible with some of the designs. 


NOZZLE MODELS 

The first phase of the test program examined four basic nozzle systems (Fig. 
3 through 6): 

9 Cut-off plug 

• Single bearing swivel-tee plenum 



• single bearing ewlvel-scroll plenum 

• Flap 

All but the cut-off plug were made of ffberglase. The noxzle modelp were 1/8.5- 
scale of representative f^hter designs. Wooden patterns were used to form the fiber- 
glass layv^s. (See Fig. 7.) The nozzle models were built in such a fashion as to 
enable splitting them after a test, thus permitting inspection of oil and lampblack 
patterns. A typical oil*-drop study is shown in Fig. 8, depicting areas of separation 
and recirculation. (Vanes were later added to attach the flow to the nozzle wall. ) 

The single bearing swivel configurations had nozzles which rotated in the swivel plane. 
They had grooves molded into the contour to enable accommodation of zero, one, two, 
three, or five vanes, providing equal areas. (See Fig. 8D. ) Total-pressure rings 
were located at the entrance to the rotating nozzles, enabling a performance estimate 
of the losses in the plenum and nozzles separately: calculation of Cy could be based, 
on engine total pressure or Cvn based on total pressure to the rotating nozzle. The 
nozzles also had extensions to vary the flow enclosure (Fig. 8A). 

In the second phase, nine nozzle configurations applicable to the single bearing 
swivel system were studied. Aspect ratio ranged fiom 1:1 to 3. 5:1. Mach number 
ranged from 0.2 to 0. 55, The nozzles were cast from stainless steel. Each was 
equipped with a removable airfoil-type turning vane. 

FACILITY DESCRIPTION 

The test program was conducted at the Grxxmman test facility complex (Fig. 9). 

The tests were run statically, i.e. , with a free-stream Mach number of zero. The 
V/STOL thrust stand (Fig. 10) is composed of a three-component balance system; 
one self-contained force-link flexure (x direction) and two flexures on a separate beam 
to measure vertical force (z direction) and moment (My). Therefore, the thrust 
vector's magnitude, direction, and location are measured. Air flows into the rig 
from a high-pressure bottle bank (2400 psia) and is throttled down to less than 50 psia 
(NPR = 1.4-3. 0). The air then goes through a turbine flowmeter to measure weight 
flow. The flowmeter provides a discharge coefficient accuracy of ±0. 3 %. 

The flow enters the model by flex hosing perpendicular to the plenum, thereby 
removing the x (axial) momentum component of the Incoming flow, and then proceeds 
through a choke plate section composed of a screen and backup straightening vanes. 

In the next section, the flow accelerates to a simulated engine turbine exit. 

CALIBRATION 

The balance system was calibrated in the instrumentation laboratory usmg weights; 
the same procedure was repeated on the thrust stand. The entire system was then 
pressure-checked. A reference convergent nozzle was used to obtain rig connections 
which were applied after the rig demonstrated good repeatability and no zero shifts in 
the measurements. 


DATA ACQUISITION & REDUCTION 

Pressure measurements were recorded by differential transducers and then 
filtered through a 5-cps passive filter. The signals wei^ then aj^lled to an SEL 810A 
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digital computer, which performed both data acquisition and data reduction. An analog- 
plotter pro-^ded completely reduced and plotted data within minutes of a run. 

Actual weight flow was obtained by measuring static pressure upstream of the 
flowmeter, temperature downstream of the flowmeter, and rotor cps. Force measure- 
ments were read from strain gauges in the x-component force link and z-component 
flexures. Weight-flow measurements were converted to discharge coefficient (C^), and 
force measurements converted to thrust coefficient (C^). 

PHASE I TEST RESULTS 

Cut-Off Plug 

The cut-off plug was established as a reference goal because of its inherent high 
performance. Fig. 11 shows the plug with no outer nozzle, i.e. , an annular nozzle, 
and an outer nozzle with a wall angle of 27 deg and an L/D of 0.15. A performance. in- 
crease of 3.73% is obtained by addition of the outer nozzle. Similar results were 
obtained (Ref 2) with the optimum length-to-diameter ratio between 0. 11 and 0.18 
and the optimiun angle between 20 and 40 deg. The thrust performance (C ) results 
are high. However, it must be noted that the exhaust gases were not vectored in this 
configuration. 


Single Bearing Swivel-Tee Plenum 


Performance of the single bearing swivel-tee plenum nozzle is shown in Fig. 12, 
and can be broken into its components. For this configuration, the nozzle exhaust gases 
flow through a plenum from the turbine and then pass through the swivel nozzle. 
Therefore, two possible areas of loss are present: the turbine plenum and the rotating 
nozzle. The exhaust plenum pressure loss is a function of Mach number, and Is shown 
in Fig. 13. The plenum total pressure loss can be converted to thrust loss for constant 
weight flow through a convergent nozzle by: 


AP^/P^ 


/Pn 


PA. 2 P A 

® ® (1 +7M ) - “ ® 


P^A* 


PpA^jJ 


W' 


\/t = 


CONST 


1.269 

P^/Prp 
« 1 


-1 (for a choked nozzle and 7 = 1. 4) 


For example, at an NPR of 2.0, ( aF^/Fq)/( A P^/P^) =0.65 

For configuration 2 of Fig. 12, it is seen that for an NPR of 2, C = 0.922. From 
Fig. 13, with an inlet Mach number of 0.6, the plenum total pressure iXss is 6.9%. This 
converts into a C loss of 4.48%. The Cy loss of the rotating nozzle itself at an NP_R of 2 
is 4.40% (C^ adds up to more than 1.00 when the losses are added due to the inaccuracy 
of the measurements). One major reason for the nozzle loss is the non-uniformity 
of the flow entering the nozzle due to the flow transition from an annulus to a circle. 
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The total pressure distribution across the flow area at the plenum inlet and exit is 
seen in Fig. 14. A more uniform distribution was obtained by channeling the flow to 
the nozzle by the addition of an insert (Fig. 15). A study of performance change with 
number of vanes is seen in Fig. 16 for the single bearing swivel-tee plenum nozzle 
without a boot extension. Without vanes, the flow separates completely from the 
nozzle wall, and performance is poor. (See Fig. 8D.) Addition of one vane results 
in a Cy of 0 . 825 at NPR = 3 . 0. There is another .substantial increase in Cv with 
three vanes (Cy = 0.895), but performance increases only to Cy = 0. 905 with five 
vanes . 

The effect of rotating the nozzle is seen in Fig. 17. A loss of 2% in Cy occurred 
for a 90-deg rotation at an NPR of 2. 2. 


Single Bearing Swivel-Scroll Plenum 

The scroll pattern was formed to guide the exhaust flow from the turbine annulus 
to the nozzle opening. Performance of this configuration with the boot extension and 
Mach 0.3 nozzle is shown in Fig. 18. However, plenum oil flows indicated large areas 
of sepai*ation and recirculation (Fig. 19). Performance levels in were 2.85% be- 
low that of the tee plenum at an NPR of 3.0. It is believed that the scroll performance 
was low because the flow into the scroll had zero swirl, i.e. , it was assumed that 
the lift engine turbine exit guide vanes would remove the swirl. However, if the 
incoming flow was to swirl, it would more easily follow the contour of the transition 
from the turbine annulus to the nozzle opening. Previous studies (Ref 2 and 3) alluded 
to two possibilities of loss in thrust coefficient due to swirl: (1) loss of energy re- 
sulting from tangential velocity and (2) low base pressimes on the turbine base re- 
sulting from free vortex motion. However, they were not applicable to this configura- 
tion. In the first case, the scroll would guide the flow into the rotating nozzle making 
use of the tangential velocity; the second case is not possible since the base would be 
enclosed by the scroll contour. Thus, if the engine had modified or omitted exit 
guide vanes , performance would have been improved with this configuration. Lack 
of engine guide vanes would also result in engine weight reduction, elimination of vane- 
component pressure drop, and shortening of engine length. 

Flap Nozzle 


The flap nozzle provided high-level thrust coefficient performance (Fig. 20) as 
it was vectored from 0 through 45 deg. A higher Cy level was reported (Ref 4), but 
those data were taken only for one isolated flap. The present configuration included 
the transition from the turbine exit and four flaps emanating from two slots (Fig. 6). 
There was no discernable difference in as the flap was vectored from 0 to 15 deg. 

A 1% drop in Cy at a NPR of 3 . 0 was experienced when the flap was vectored from 
15 to 30 deg. The actual thrust angle varied as a function of NPR. (See Fig. 21.) 

The correction was linear for 15, 30, and 45 deg; however, it was non-linear at 0 deg. 

PHASE II TEST RESULTS 

In this phase, performance and plume characteristics were examined for 
right-angle-turn nozzles used in conjunction with the single bearing swivel plenums. 
Nine configurations were tested in which the aspect ratio varied from 1:1 to 3.5:1, 
and the nozzle inlet Mach number varied from 0.2 to 0.55. (See Fig. 22.) Plume 



data were recorded by a multiple-probe pressure rake as it was moved axially down- 
stream of the nozzle exit. (See Fig. 23.) The total pressure-decay characteristics 
were then compared for the various configurations . 

Nozzle Performance 

Thrust coefficient (C^) was found to be a function of nozzle inlet Mach number. 
(See Fig. 24.) The nozzle inlet Mach nunlber was varied by changing the ratio of 
nozzle exit area to inlet area. The exit area was the minimum nozzle area; there- 
fore, at NPRs greater than 1.89, the nozzles were choked and the inlet Mach number 
was determined by the area ratio. The nozzle thrust coefficient was a maximum, 
0.985, through the Mach number range of 0. 2-0. 35. It decreased to 0.95 at an inlet 
Mach number of 0. 55. The nozzle data appeared to be independent of exit area aspect 
ratio. The exceptions to this were the Mach 0.35 and 0.55, aspect ratio = 3.5, 
nozzles. Their decrease in performance can be explained by the substantial diver- 
gence angles on the two narrow sides of these nozzles, 10. 7 and 20.5 deg, respec- 
tively. Data from the previous tests (Ref 5) are also plotted in Fig. 24. It is seen 
that the circular nozzle of Ref 5 (aspect ratio = 1) exhibited high thrust coefficient 
values, comparable to the present test. However, the high-aspect-ratio nozzle 
(aspect ratio = 5) exhibited significantly lower values . This is not the entire story. 
These nozzles actually were of lower performance than the present ones, since they 
both had low discharge coefficients due to flow separation off the inner nozzle wall. 
(See Fig. 25.) 

With an extension of the inner nozzle wall, the discharge coefficients (Fig. 25) 
of the present configurations showed a marked improvement over the previous test 
(Ref 5). They displayed independence of aspect ratio, and a decrease in performance 
from a C(j of 0. 95 through the Mach number range of 0. 2-0. 35, to 0. 92 at Mach 
0.55. 


Overall, the velocity coefficients were at a constant level over the pressure ratio 
range of 1.4-2. 6. The discharge coefficients were flat for the Mach 0. 55 configurations 
throughout the pressure ratio range. However, with the remaining configurations, the 
discharge coefficient increases until a NPR of 2.0, and then is constant. Evidently, 
for the latter cases, the exit flow area increases until the throat is choked. This is 
most likely a vena contracta effect, since the Mach 0.2 and 0.35 series have apprecia- 
ble convergence at the exit. 

Figure 26 shows the internal pressure distribution of the aspect ratio 3.5:1 nozzle 
for a typical choked nozzle pressure ratio. The inner wall experiences a rapid expan- 
sion followed by a recompression. There appears to be no separation within the nozzle 
at both unchoked and choked conditions. 

Exhaust Plume Characteristics 


The primary reason for use of hlgh-aspect-ratio nozzles in V/STOL aircraft is 
the rapid decay of the exhaust properties in the plume (downwash suppression), thereby 
minimizing field or carrier-deck erosion and personnel hindrance. A summary of the 
data for the various configurations is shown in Fig. 27. Shown with the present data 
are results from tests (Ref 6) of hlgh-aspect-ratio nozzles which did not vector the 
exhaust flow. It is seen that the aspect ratio = 3.5 nozzle with a 90-deg bend provides 
a greater total pressure degradation than the Ref 6 nozzle of aspect ratio = 6. The 
90-deg turn could quite possibly generate turbulence in the nozzle, thereby accelerating 



total pressure decay. It is seen that the Mach 0. 55 nozzles always provide greater 
degradation in exhaust pronertlP*! fha» the Mach 0. 22 nozzles. Here, again, the greater 
loss* es probably generate turbulence and promote rapid mixing. 

CONCLUSIONS 

The test results demonstrated that good thrust performance can be achieved for 
a tally developed, bifurcated. sinsU hearing swivel nozzle and a partially vectored 
flap configuration. ® Deariii& 


The following results were determined for V/STOL nozzle design: 

• A uniform Mach number distribution must he maintained entering the rotating 
nozzle for maximum thrust performance 

• The turbine exhaust gas must be diffused fully, i.e. , the Mach number 
lowered prior to vectoring to obtain maximum performance 

• Variations of exit area aspect ratio from 1:1 to 3. 5:1 showed no significant 
effect on nozzle performance 

• Nozzle thrust coefficients of n q85 were obtained at nozzle inlet Mach numbers 
of 0. 2-0. 35. At higher Mach niunbers (0. 55), these values declined to 0. 95 

• Discharge coefficients of 0 <i«^ obtained at nozzle inlet Mach numbers of 

0. 2-0. 35. At higher Mach (0. 55), they decreahed to 0. 92 

• Decay of nozzle exhaust plume total pressure occurred most rapidly with the 
high-aspect-ratlo nozzle Total pressure decay is also accelerated by use of a 
nozzle that turns the flow and has a high inlet Mach number 
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Fig. 1 Supersonic V/STOL Aircraft 



TRIPLE BEARING SWIVEL 


TWIN ROTATING CASCADES 



Fig. 2 V/STOL Nozzle Types 
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Fig. 3 Cut-Off Plug Nozzle 
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Fig. 8 Nozzle Oil-Drop Study 
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1. HYPERSONIC WIND TUNNEL 

2 . PEBBLE BED AIR STORAGE HEATER 
70 LB/SEC AT 3000" F AND 2800 PSI 

3. 65,000 CU FT VACUUM SPHERE 

4. SUPERSONIC WIND TUNNEL -MACH 1.5 TO 4 
MAXIMUM STAGNATION - PRESSURE 500 PSI 
TEST SECTION SIZE 225 SO IN. 

5. TRANSONIC WIND TUNNEL - MACH 0.6 TO 1.3 
MAXIMUM STAGNATION - PRESSURE 75 PSI 
TEST SECTION SIZE 576 SO IN. 

6. CONTROL ROOM (COMPLETELY AUTOMATIC 
CONTROL SYSTEM) 

7. SILENCERS 

8. COMPRESSOR - 850 CFM, 3000 PSI 

9. TEST AIR STORAGE TANKS 
1200 CU FT/3000 PSI 

10. COMPRESSOR - WATER COOLING TOWER 

11. VECTORED THRUST RIG 

12. 2ND STAGE CONTROL VALVE 

13. TURBINE FLOWMETER 

14. 1ST STAGE CONTROL VALVE 

15. HIGH PRESSURE LINE 


Fig. 9 Wind Tunnel Facilities 
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Fig. 10 V/STOL Nozzle Test Stand 
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Fig. 1 1 Cut-Off Plug Performance 
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Fig. 12 Single Bearing Swivel-Tee Plenum Nozzle Performance 
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Fig. 14 Flow Distortion upon Transition from Annular to Circular Flow 
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Fig. 19 Oii-Flow Pattern with Scroll Plenum 
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Fig. 23 Performance & Plume Characteristics Test Setup 
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Fig. 27 V/STOL Nozzle Exhaust Plume Centerline Decay 
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LARGE-SCALE STUDIES OF PROPULSION-FLOW TURNING DEVICES 
FOR FAN-POWERED V/STOL AIRCRAFT 

Brent K. Hodder* 

U.S. Army Air Mobility R&D Laborato/y 
and 

Jerry V. Kirkt 

Ames Research Center, NASA 
Moffett Field, Caiifomia 94035 


ABSTRACT 

A brief review of large-scale experimental research on thrust deflectors for lift/cruise and lift 
fan-propulsion systems for VTOL aircraft is presented. The data presented encompass investigations 
conducted at Ames Research Center from the early 1960’s to the present day. Overall system per- 
formance for a variety of configurations is compared and a brief description of each configuration 
is given. The majority of data presented was obtained with the particular thrust deflector system 
coupled with a full-scale tip-turbine-driven lift fan of 1 . 1 or 1 .3 pressure ratio. 


*Aerospace Engineer. 

^Operations Manager, Large-Scale Aerodynamics Branch. 



INTRODUCTION 

Most VTOL aircraft have powerplants that must serve the dual function of lift for VTOL and 
thrust for cruise operation. This means that a flow deflector must be provided to direct the exhaust 
from the horizontal thrusting direction to the vertical. Other powerplants which may be used 
primarily for lift also need flow-turning devices to provide additional thrust for low-speed flight. 
These devices usually take the form of cascades of exit vanes. 

This paper will summarize the work done at Ames Research Center on flow-turning devices 
for lift/cruise and lift fan-powered aircraft. 

FLOW-TURNING DEVICES FOR LIFT/CRUISE FANS 

Acceptable flow-turning devices must be light, compact, efficient, and, preferably, must fold 
out of the way during cruise operation to minimize cruise thrust loss. Some STOL-powered lift 
aircraft use flaps as flow deflectors, but it is apparent from figure 1 (ref. 1) that these devices do 
not maintain a high efficiency to the higher turning angles that are required for VTOL operation. A 
Umited effort has been maintained at Ames, both by in-house and contractor programs, to design 
and test thrust-deflecting concepts with efficiencies more suitable for VTOL operation. 

Figure 2 shows photographs of several deflectors investigated at Ames. The cascade deflector 
(ref. 2), figure 2a, had a cascade of variable camber exit vanes leaned 45° with respect to the nozzle 
exit plane. The cascade was tested on a wind-tunnel model with a 1.1 pressure ratio, tip-turbine- 
driven lift fan. The fan is powered by a T-58 gas generator. If flow-turning angles greater than 90° 
are required, a second cascade is necessary. This deflector was designed and fabricated by the 
General Electric Co. 

The hooded D-shaped deflector (fig. 2b) was designed at Ames (ref. 3) and tested with the 
LF-336 1 .3-pressure-ratio lift-fan. The LF-336 is powered by a J85-5 gas generator. This hooded 
configuration represented a conservative base-point design from which to judge the potential of 
additional development work. The design benefited from earlier work in this area reported in 
reference 4. 

Figure 2c shows a single-swivel nozzle that was designed by Rockwell International (ref. 5) 
under contract to NASA Ames. This design, also tested with the LF-336, reduced mechanical com- 
plexity, not only for the method of thrust deflection, but also for providing control functions such 
as thrust spoiling and yawing moments. 

Finally, figure 2d shows the conceptual design of an improved, vented D-shaped deflector 
designed by McDonnell-Douglas under contract to Ames. This design reflects additional develop- 
ment work on the hooded concept and has resulted in a design which promises to reduce system 
weight. This is accomplished by decreasing the amount of duct diffusion, the duct r/D and, subse- 
quently, the number of rotating hoods. Small-scale tests indicate that good performance has been 
maintained by venting the interior bend of the duct (see ref. 6). A “boiler plate” model of this 
configuration is scheduled for testing with the LF-336 lift fan in late calendar year 1975. 

Figure 3 shows the large-scale test results for turning efficiency out of ground effect for three 
deflectors (figs. 2a, b, and c). It should be remembered that all of the configurations tested 

459 



represent initial designs, and none have benefited from an optimization program. The single-swivel 
nozzle deflector had a 14% thrust loss in the VTOL mode and a 3% nozzle loss in the cruise mode. 

The variable camber cascade had a 6% thrust loss in the VTOL mode, but the presence of the cascade 
without turning produced a 5% loss, thus the turning was very efficient. Finally, the hooded deflec- 
tor with a radius-to-diameter ratio of 0.78 had a VTOL thrust loss of 5%. From strictly a vectoring 
performance point of view, either the cascade or the hooded deflector would appear to be adequate 
with their present state of development. However, one must consider the impact on overall aircraft 
performance. Both the variable camber cascade and the hooded deflector (fig. 2b) would significantly 
increase aircraft weight and probably mechanical complexity. The hot-gas tip-turbine drive feature 
of conventional lift fans accentuates the weight aspect of deflectors, since duct wall temperatures 
necessitate heavier metals for structural integrity. Flow mixers to reduce wall temperatures have 
been considered, but the weight-performance tradeoffs have not been studied. 

The final but critical area of VTOL operation is deflector performance in an installed environ- 
ment. The degree to which the deflector operates in ground effect obviously depends on the partic- 
ular aircraft configuration, but it seems certain that fan-nozzle ground clearance in the VTOL mode 
will not exceed 1 to 2 nozzle diameters. Therefore, the impact of ground effect on deflector per- 
formance must also be investigated. 

Figure 4 shows the effect of ground clearance on fan performance for the Ames hooded 
deflector. Even at h/D of 2, the hooded deflector experienced a 10% thrust loss. No attempt to 
vary nozzle area while in ground effect was made; however, it may prove to be beneficial. It should 
not be assumed that every deflector system will produce similar results in ground effect, but it is 
essential to include this aspect in the final determination of overall system performance. For 
reference, the ground effect on the LF-336 in a lift-fan configuration is shown in figure 5. 

FLOW-TURNING DEVICES FOR LIFT FANS 

Fans oriented to provide lift are usually shut down when airspeed is sufficient for wing- 
supported flight. However, at airspeeds between hover and that for wing-supported flight, the fan 
must provide both lift and thrust, thus flow-vectoring devices are required. These devices may also 
be required to act as a cover for the fan cavity during conventional flights. 

Figure 6 contains photographs of the lift-fan flow-deflector systems studied at Ames. The 
17.8 cm (7 in.) chord vanes, shown in figure 6a, have been used in the majority of the lift-fan air- 
craft configuration studies. The vanes are cambered to provide the largest turning in the thrust 
direction. The solidity of the cascade is 1.4. Figure 6b shows a cascade with 35.6 cm (14 in.) chord 
vanes. The airfoil section and solidity are the same; only the chord is changed. This system was 
modified at midspan by installing a flap with a linkage that provides a schedule between the flap 
angle and the vane deflection. A photograph of the flapped vane is shown in figure 6c. The articu- 
lated trailing-edge flap represents an attempt to widen the range over which efficient flow turning 
could be obtained. The 35.6 cm (14 in.) chord vanes were also modified into a chevron shape 
(fig. 6d) in an attempt to avoid fan backpressure at higher deflection angles. Finally, in figure 6e, 
a swiveling cascade is shown (ref. 7). In this case, the vanes are mounted on a rotating ring so that 
the vanes can be both rotated and deflected. By canting the fan exhaust, another degree of freedom 
is obtained for the vectoring system. Details of this system are given in figure 7. 
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Performance of these lift-fan flow-turning devices is given in figure 8. With the exception of 
the swiveling cascade data, in all vane cascade systems shown, the hft is referenced to the 17.8 cm 
(7 in.) chord vanes. The efficiency of the standard 17.8 cm (7 in.) chord louver system falls off 
beyond 30° of flow turning. Although not shown, the efficiency at the negative end would be 
expected to fall off beyond -10°. The 35.6 cm (14 in.) vane extended the turning range for equal 
efficiency about 3° and reduced the overall thrust slightly, whereas the flapped vanes increased the 
high efficiency range about 5° more. However, the flapped vane increased the total range of the 
system a great deal, since the flap was programmed to reverse the camber built into the airfoil. 

The swivehng cascade appears to have the best turning performance of the cascades studied. How- 
ever, this result must be viewed with caution, since the actual resultant thrust force in hover is less 
than the value for other cascade swivel angles. 

PREDICTION METHODS 

Prediction of the performance of flow measuring devices rests mainly on empirical data. In 
addition, the vectoring device may backpressure the fan and thus affect performance further. For 
lift-fan flow-turning cascades, experimental cascade data are used, and the attendant turning losses 
are factored back into fan performance to provide the overall estimate of performance. For cruise- 
fan flow-turning devices, data on pipe bend losses are used. The ability of pipe bend losses to 
accurately predict system losses is hampered by the following: the lack of loss coefficients for the 
actual duct cross-sections used and the limited data for loss coefficients for bends with decreasing 
cross-sectional area, appropriate for designs in which the duct bend and exhaust nozzle are close- 
coupled. In either case, the prediction of flow-turning performance is not likely to be precise. 

For best results, large-scale experimental data should be used. Figure 9 shows flow-turning 
performance for the full-scale 17.8 cm (7 in.) chord cascades and a one-sixth scale model of the 
same cascade. Althougli the turning angles were about the same, the scale-model cascade was much 
less efficient. 


CONCLUSIONS 

A review of experimental data from Ames Research Center indicates that flow-turning devices 
for VTOL aircraft do have adequate uninstalled performance. The flow-turning devices for VTOL 
propulsion systems that are used primarily for lift have sufficient performance for present-day 
applications. However, in the regime of thrust deflection for lift/cruise systems, there is a definite 
payoff for further work to fully realize the potential performance that has been demonstrated by 
full-scale tests. This additional work must provide a system which can handle the installed environ- 
ment, be lightweight and mechanically feasible, yet maintain the basic performance proven with 
earlier designs. Furthermore, without a doubt, prediction methods could be improved. 
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(a) Variable camber vane cascade. 

Figure 2.— Photographs of several flow-turning devices investigated. 
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Figure 2.— Continued. 






(c) Single-swivel nozzle deflector. 


Figure 2.- Continued 
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(d) Vented D-shape hooded deflector, 
Figure 2.— Concluded. 
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Figure 3.— Summary of turning efficiency for full-scale Hft/craise thrust deflectors. 
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Effect of ground height on VTOL thrust with the “D”-shaped hooded deflector. 




(a) 17.8 cm (7 in.) chord vane cascade. 

Figure 6.— Photographs of various lift fan vane cascades for flow turning. 



(b) 35.6 cm (14 in.) chord vane cascade. 



(c) 35.6 cm (14 in.) chord flapped vane cascade. 
Figure 6.— Continued. 




(d) 35.6 cm (14 in.) chord swept-vane cascade. 
Figure 6.- Continued. 



(e) Swiveling cascade. 


Figure 6.— Concluded, 
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Figure 8.- Summary of turning efficiency for lift-fan thrust deflectors. 
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ABSTRA.CT 


A two-dimensional Augmented Deflector Exhaust Nozzle (ADEN) has been 
selected as a hi^ potential exhaust system for advanced multi-mission 
V/STOL aircraft. The ADEN selection was based on the results of a 
Navy Advanced V/STOL Propulsion Component Development Program. This 
program included a comprehensive series of aerodynamic and mechanical 
design studies, aircraft system studies and scale model experimental 
test programs. ADEN detailed mechanical design has been completed and 
hardware fabrication for a full size ADEN demonstration test on 
G.E. JlOl engine is underway. This paper presents the aerodynamic and 
mechanical features of the ADEN and describes the upcoming full scale 
demonstrator program. 


INTRODUCTION 

The United States Navy, recognizing the advanced technology needs to 
develop a superior multi-mission V/STOL fighter aircraft initiated an 
advanced V/STOL Propulsion Component Development Program. In mid 1972 
the General Electric Company was awarded the Exhaust Nozzle/Deflector 
portion of the program. 

The Nozzle/Deflector Component Development Program consisted of three 
parts: Part (l) was a comprehensive evaluation of the performance, design 
and installation parameters required for the identification of a Nozzle/ 
Deflector system having the greatest potential for application to a Navy 
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V/STOL fighter. Part (2) included the detail design and component 
testing of the selected Nozzle/Deflector and Part (3) was the procurement 
of a full size engine demonstrator assemhly of the selected Nozzle/Deflector 

Based on the results of Part (l) and Part (2) of the program, the 
Naval Air Propulsion Test Center, Trenton, New Jersey, selected the 
Augmented Deflector Exhaust Nozzle (ADEN) for continued development, 
manufacture and demonstration on a General Electric JlOl engine. 

V/STOL PROPULSION SYSTEM REQUIREMENTS 
Advanced V/STOL fighters require high specific thrust (afterburning) 
engines to best achieve multi-mission objectives. Results of aircraft 
system studies conducted in Part (l) indicate that the combat and Pg 
mission points size the main propulsion system such that all the required 
vertical thrust is potentially available from the cruise engines. From 
a total system weight standpoint , it is desirable to maximize the amount 
of onboard cruise engine thrust and minimize direct lift engine/devices 
size and thrust requirements during vertical operation. The capability 
to operate at afterburning power settings in vertical mode is therefore 
a desirable feature of an advanced nozzle/deflector system. 

Advanced V/STOL aircraft configured to utilize the maximum amount of 
cruise engine thrust during vertical operation tend towards mid fuselage 
propulsion system installation to meet pitch balance constraints. Studies 
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48l 




have indicated that two-dimensional exhaust systems generally have 
superior cruise installation characteristics relative to conventional 
axisymmetric exhaust systems in this type aircraft configuration. 

Advanced V/STOL fighter aircraft normally include multi-mission 
objectives for transonic/supersonic cruise and combat and subsonic 
loiter. The nozzle/def lector exhaust system internal flowpath design 
is critically important to a multi-mission V/STOL fighter because of 
dual requirements for both low speed and high Mach capabilities with 
high installed performance. As supersonic and supersonic combat 
specific power (excess thrust) levels increase, variable geometry ex- 
haust systems are required to provide nozzle throat area modulation and 
expansion area control to provide high nozzle thrust coefficients for a 
wide range of cruise/acceleration and maneuverability points. It is 
therefore a critical requirement that the thrust vectoring device does 
not compromise the exhaixst system aerodynamic flowpath dinring forward 
mode operation. 

AUGMENTED DEFLECTOR EXHAUST NOZZLE (ADEN) 

Exhaust systems capable of deflecting or turning the exhaust gas of 
Jet engines, to achieve vertical and short take-off and landing, have 
been considered for many years. A wide variety of thrust vectoring 
nozzles has evolved. In general these nozzles have one or more of the 
following limitations . 

o Low internal performance due to internal flowpath compromises 
required to accomodate the deflector system. 
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o Limited to nonaugnented temper atiores in the vectored mode of 
operation® 

o Excessive downward projection of nozzle/deflector hardware in 
the lift mode resulting in ground clearance problems. 

0 Slow vector angle and nozzle area rate of variation. 

0 Discontinuous vectoring performance between cruise mode and 
lift mode® 

o Airframe doors required to accomodate the nozzle in the vectored 
mode . 

o Installed performance problems due to excessive base area or nozzle 
boattail angles . 

o Low lift thrust available when compared to the required weight 
addition to the basic cruise engine, 
o Excessive complexity with consequent reliability limitations. 

The Augmented Deflector Exhaust Nozzle (ADEN) is a simple ^ reliable g 
compact 5 high performance V/STOL nozzle which resolves all of the above 
listed limitations. 

The ADEN (Figure l) is a two-dimensional, variable area external expansion 
exhaust system. Basic components consist of (l) a transition casing from 
a round cross section at the tail pipe connect flange to the two-dimensional 
cross section at the nozzle throat station. (2) a two-dimensional variable 
geometry convergent divergent flap assembly, (3) a two-dimensional variable 
ventral flap (1|) a two-dimensional external expansion ramp which can be 
fixed or variable depending on specific installation requirements and 
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(5) a rotating deflector for thrust vectoring. In the stowed (cruise 
mode) position the deflector is located outside the casing so that it 
does not compromise the required internal flowpath contours. 

As depicted in figure 2, nozzle area control is achieved by the variable 
convergent /divergent flap assembly. The variable ventral flap located 
downstream of the throat controls the nozzle expansion area ratio as re- 
quired over the range of operating pressure ratios. Note that the throat 
is forward of the ventral flap such that nozzle area is independent of the 
ventral flap position. 

For V/STOL operation, the rotating deflector diverts the jet downward 
(Figure 3). The nozzle flap assembly is rotated to the maximum open 
position to substantially reduce the flow Mach number approaching the 
turn. The throat is established between the tip of the ventral flap 
and the deflector bonnet and rotates with the deflector such that flow 
turning is accomplished subsonically at all deflector settings. 

An additional feature of the ADEN design is the capability to provide 
inflight thrust vector control by utilizing a variable aft expansion 
ramp. Less than ^ 10° rotation of the expansion ramp will provide 
an upward or downward thrust component as desired. Considerable higher 
rotation of the ramp can be achieved without imposing any additional 
mechanical or structural design constraints on the exhaust system. 

The impact of the ADEN inflight thrust vectoring capability on aircraft 
system performance is strongly configuration dependent. For example in 
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aft fuselage installations, small variations in the ADM resultant thrust 
vector can significantly contribute to the aircraft pitch control authority 
possibly resulting in downsizing the horizontal control surfaces and mini- 
mizing trim drag* On twin wing pod mounted installations, the aircraft 
can be designed such that the nozzle exit coincides with the wing trailing 
edge. In this type installation the nozzle expansion ramp can be integrated 
with the wing flap system and the ADEN inflight thrust vectoring capability 
can be utilized to produce wing lift enhancement /supercirculation effects. 

A schematic of the ADEN installation in both cruise and lift mode is shown 
in Figure 4. It can be noted that the ADEN aspect ratio (dry cruise throat 
width/height ratio), and the arrangement of the nozzle flaps, deflector, 
expansion flap, actuators and structural elements have been carefully 
selected to allow high performance afterbody contours. The two-dimensional 
nozzle shape blends well with airframe contours without drag producing 
base regions. The aspect ratio of 4 design allows the exhaust system to 
be installed on the GE YFlOl engine without increasing frontal projected 
area. 


PERFORMANCE 

The cruise and vectored mode performance characteristics of the ADEN were 
verified by a series of cold flow static internal performance tests. A 
multi-component flow through force balance arrangement was used to measure 
axial and vertical thrust components and pitch moment and to determine 
the resultant thrust vector point of application. Flow coefficient and 
external static pressure data were also recorded. Tests simulated forward 
and’ vectored mode operation over the range of power setting and nozzle 
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deflection angles . To provide assurance that a stable internal flowfield 
was maintained as the nozzle throat plane rotated with the deflector, 
dynamic pressure instrumentation was installed along the nozzle flaps and 
deflector. Data was recorded as the deflector was continuously rotated 
from fully stowed to the maximum deflected position. Test results indicated 
a positive stable transition of the throat from the nozzle flap to the 
deflector at the initiation of deflected mode operation and showed that 
throat stability was maintained over the full vectoring range. 

The ADEN exhibits high levels of internal performance at reheat power 
settings. Although emphasis was placed in improved combat and super- 

sonic performance, a marginal performance gain was also achieved at sub- 
sonic cruise. Only at dry throat area and low pressure ratio settings 
(loiter) was a slight performance deficiency of the ADEN apparent. 

Exhaust system installed performance during forward mode operation is 
highly dependent on the particular aircraft /engine installation. Studies 
of both twin installations and wing pod mounted installations show that 
ADEN installation characteristics can provide a significant reduction of 
exhaust system base area, especially at dry power operation. A wind txmnel 
test program to investigate ADEN installed performance characteristics and 
inflight vectoring performance on an advanced multi-mission V/STOL aircraft 
will be conducted during Nov. - Dec. 1975 at the NASA Langley l6 ft. 
high speed tunnel. 

The ADEN exhibited continuous , efficient performance characteristics over 
the full 0 to 110° vectoring range as shown by Figure 5- Deflected per- 
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formance at the nozzle pressure ratio range (Piji/Pq = 2.5 to 3.0) typical 
of VTOL operation. As the deflector initially rotates into the gas stream, 
insufficient flov guidance in the turn results in a slight performance loss 
Further deflector rotation, hovever , achieves the desired internal flovpath 
and maximum performance is attained at approximately TO® resultant thrust 
vector. Turning losses result in a slight performance decrease as the 
thrust vector angle is then increased to 110®. 

In summary, studies and tests have shown that: 

(1) The internal performance of the ADEN approaches the performance 
levels of conventional axisymmetric exhaust systems over the range of 
flight conditions . 

( 2 ) The ADEN has excellent vectored mode performance characteristics. 

uO 

(3) The ADEN integrates favorably with the airframe for minimum in- 
stallation loss. 


COOLING SCHEME ANALYSIS 

Since cooling of the ADEN is a more complex problem than cooling of con- 
ventional exhaust systems, a one-quarter scale ADEN (relative to JlOl size) 
component test was conducted to substantiate the cooling design and provide 
data in support of the design effort. 

The cooling test set-up consisted of an existing jet fuel biirner facility- 
modified by adding cooling air lines and flow metering sections to simulate 
the quantity, temperature and pressure level of cooling air supplied by the 
JlOl engine. The design also simulated the coolant distribution design 
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Since the augmentor turning length could not be scaled down with diameter, 
the forward portion was water-cooled and only the geometrically scaled ADEN 
section was cooled by the metered air supply. Portions of the ADEN model 
not critical to the cooling system evaluation were of boiler plate design 
for ease and econoi^ of hardware fabrication. However, all hot parts simu- 
lated the flight weight design relative to material, thickness, construction 
and cooling design. A sketch of the quarter-scale ADEN test set-up is pre- 
sented in Figure (6). 

The condition of the internal soorfaces after testing revealed only minor dis 
tortion in the deflector corners. The cooling film tended to migrate from t 
corner toward the center of the deflector due to secondary flow effects in 
the turn. This was corrected by local redistribution of the cooling flow. 

The quarter scale hi^ temperatirre cooling flow system verification test 
program was highly successful. 

FULL, SCALE ADEN DEMONSTRATOR TEST 

Currently, manufacturing of the demonstrator ADEN is progressing on schedule 
and testing will begin in mid 1976 at the General Electric Peebles test faci 
The ADEN will be demonstrated statically on a YJIOI engine at both dry and 
reheat power. The engine will be suspended from an overhead structure and 
oriented to deflect the jet in the horizontal plane to eliminate ground and 
facility jet impingement and to allow visual observation of hot metal sur- 
faces includeing the deflector liners and nozzle flaps. 

A multi-component force balance arrangement will measure nozzle thrust and 
resultant thrust vector angle and point of application over the complete 
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vectoring range at reheat power settings. Exhaust gas temper atirre, metal 
temperatures and coolant flow temperatures and pressures will be measured. 
A total of 25 test hours are planned. 

This ADEN Demonstrator program will provide a quantum jump in the 
experience/data base for two dimensional exhaust system technology and 
will have reached a prerequisite milestone towards a full scale ADEN 
demonstration program. 
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ADEN FLOW PATH 






ADEN V/STOL NOZZLE ACTUATION 



492 



XNaiOIJd[aOD XSIIHHX XNVXTHSaH 


FIGURE (5) 
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ABSTRACT 


An 18 month Deflector/Nozzle Technology Contract was conducted by Pratt and Whitney 
Aircraft under the technical direction of the Naval Air Propulsion Test Center during the 
period 1 July 1972 through 31 December 1973. Under this program, basic propulsion system 
design information was developed to support future V/STOL systems studies which mi^t 
incorporate jet or turbofan exhaust deflection. The study subjects included: ground suppress 
sion correlations, basic internal aerodynamic studies, and conceptual design studies. Because 
of the emphasis in locating the vertical thrust vector as far forward (as close to the airplane 
Cg) as possible, the internal aerodynamic and design studies concentrated on an evaluation 
of potential problems which might arise from locating the deflector close to the engine flow 
path. In particular, fan duct distortion, nozzle performance, and design feasibility were 
studied. 

The various aspects of this contract work were reported in detail in the references. It was 
felt that the objectives of the “Workshop on Prediction Methods for Jet V/STOL Propulsion 
Aerodynamics” would best be met by extracting only the end result working correlations 
and conclusions from these various studies. These self explanatory view charts are attached. 
The background data, facility descriptions, etc. are well documented in the references, which 
should be readily available. 
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